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FOREWORD

This report was prepared by General Dynamics Convair under contract
NAS 8-20146, "Study of Zero-Gravity, Vapor/Liquid Separators" for the
George C. Marshall Space Flight Center of the National Aeronautics and
Space Administration. The work was administered under the technical
direction of the Propulsion & Vehicle Engineering Laboratory, George C.
Marshall Space Flight Center with Mr. C. D. Arnett (Mailing Symbol R-
P&VE-PTF) acting as project manager.

In addition to the project leader, Dr. R. C. Mitchell, the following
Convair personnel contributed to the study: Messrs. J. C. Ballinger,
J. R. Burtt, V. Hudson, J. S. Nuding, D. S. Oesterle, A. T. Parker,
J. N. Sharmahd, J. A. Stark, J. W. Streetman, J. Sterrett,

W. M. Tsunoda, R. C. White, and G. B. Wood.
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SUMMARY

The need for venting cryogenic propellant storage tanks while coasting in space under
zero or low acceleration became a real one in the late 1950's, when the development
of advanced space vehicles capable of engine restarts was begun. It is desirable to
vent vapor only, because venting of liquid propellant imposes a severe weight penalty
on a vehicle. This is difficult, since a simple vent tube cannot be used under low ac-
celeration conditions because the vapor/liquid distribution in the tank can shift easily
with small disturbing forces.

This report presents the results of a study of various ways of separating vapor from
liquid in a low-acceleration field in order to permit venting of vapor. Four primary
methods of separation were studied:

a. Heat Exchange — where the vent fluid is throttled to a low pressure and temper-
ature and allowed to exchange heat with the tank fluid in order to vaporize any
liquid initially present in the vent stream.

b. Mechanical Separation — employing a rotating element imparting centrifugal
forces to the fluid to separate the gas from the liquid.

c. Dielectrophoresis — utilizing the forces caused by a non-uniform electric field
acting upon a dielectric fluid, such as hydrogen. Both total liquid control and
separator devices were considered.

d. Surface Tension — utilizing fluid surface forces to orient the liquid in a tank,
employing baffles or screens, or to effect a separation in a vent separator device.

Other separation methods including fluid rotation, a "hydrogen sublimator', and mag-
netic positioning were considered, but were not studied in detail or included in the
prcacsign comparicons with the four mathode licted abhove

Predesign data were generated for separation systems employing heat exchange,
mechanical separation, dielectrophoresis, and surface tension as applied to three
vehicle/mission cases: 1) the S-IVB stage with continuous venting during a 4-1/2-
hour coast, one engine restart, and retention of the existing settling rockets; 2) the
S-IVB stage without constraints; and 3) a cryogenic service module (CSM) with a
multiple-restart, 205~-hour mission. These predesigns were compared using the
criteria of payload weight penalty, system complexity, current feasibility, avail-~
ability of design data, performance of system in 100-percent liquid, and estimated
system failure rates. The comparisons were made for liquid hydrogen with tank
pressure of 20 psia; maximum vent rate of 1260 Ib/hr for the S-IVB and 1 1b/hr for
the CSM; average vent rate of 667 1b/hr for the S-IVB and 0.5 1b/hr for the CSM;
and design fluid inlet quality of 0.1 for the S-IVB and 0.00138 for the CSM. The




predesigns for Cases 1 and 2 were identical since it was concluded that retention of
the settling rockets is desirable to prevent wetting of the forward dome, which would
result in a considerable increase in external heat load. It was found that the dielec-
trophoretic and surface tension devices were consistently poorer than either the mech-
anical or heat exchange separator systems on all of the selection criteria. The

latter two systems were competitive with each other on many of the criteria, but

the heat exchange system was judged to be the most promising one for the three ve-
hicle/mission cases considered in this study.

More detailed studies of the heat exchange type of system were then made, using the
S-IVB hydrogen tank as a typical application. A conceptual feasibility design was
developed (see Figure 11-1), incorporating the most nearly optimum design and oper-
ating features which were determined. Some of these features are summarized
below:

a. The "heat exchange system'' consists of a flow regulator valve through which the
incoming vent-side fluid is expanded to a lower temperature and pressure, a
heat exchanger in which the cooled vent stream exchanges heat with the warmer
tank fluid, and a turbine through which the vent stream leaving the exchanger is
further expanded to supply power to drive the pump that circulates tank-side
fluid through the exchanger and within the tank. After leaving the turbine the
vent stream flows through a control valve sensing tank pressure and finally to
small thrustors where it is used to supply settling thrust to the stage during
coast periods.

b. The heat exchanger is a compact, finned-surface, counterflow exchanger with a
single pass on each of the vent and tank sides.

c. There is a common location for the vent- and tank-side inlets.

d. The vent stream exchanger exit temperature and pressure are 37°R and 6 psia,
respectively.

e. The system should be located in the forward dome region of the tank, and sus-
pended from the existing manhole cover, if possible.

The designed system was sized for a tank pressure of 20 psia, maximum vent rate of
1260 lb/hr, and inlet fluid quality of zero (100-percent liquid). The total hardware
weight of this system, including ducting and valves, is estimated to be 113 pounds.
The weight of vented propellant required to maintain constant tank pressure during a
4-1/2-hour coast period would be about 28 pounds less than would be required if 20-
psia saturated vapor were vented. Therefore, the net system effect would be a pay-
load decrease of 66 pounds, referred to the idealized base case of venting saturated
20-psia vapor without a vent separator system.
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Preliminary analysis of the system operation during start-up indicated that no loss of
liquid should occur with the recommended design feature of providing a common inlet
location’ for the hot and cold streams.

The results of parametric analyses are presented, showing the effects of variations
in tank pressure, inlet fluid quality, overall system pressure drop, and vent flow
rate upon system design or the performance of a fixed design.

A recommended test program is presented that would prove the workability of the
selected heat exchange system and provide the information needed for final optimi-
zation and production design. The primary categories requiring further work before
an optimum system can be fully developed are:

a. Heat transfer and flow distribution data for hydrogen under low-acceleration
conditions.

b. Transient response and control characteristics of the system, particularly during
start-up and sudden changes in inlet fluid quality.

c. Tank mixing characteristics and requirements under low acceleration.

d. Development and performance tests.

The testing requirements are primarily to provide the information needed for accurate
design and to prove out the final design. There is no apparent reason to doubt that a

successful heat exchange venting system can be developed. To verify the analysis,
however, a sub-scale demonstration test is recommended as the logical next step.
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NOMENCLATURE

acceleration

area; Ac free flow area; Ay, projected area subject to drag force;
Ag, fin area; Ag, hegt transfer surface area; Ag., heat exchanger
total flow area

area fraction

flow stream heat capacity rate = WC

velocity of sound

capacitance
8 FD
drag coefficient = — (spherical bubble)
D
"P1"B "B

heat capacity at constant pressure

heat capacity of saturated vapor at saturation temperature and
pressure

loss coefficient for flow restriction

diameter; D_, droplet diameter

L

electrical voltage

heat exchanger effectiveness
(head loss) D 8,

2
2L u

fanning friction factor =

force (or thrust)
mass velocity per unit flow area

gravitational conversion factor to maintain dimensional equivalence
in Newton's law: F = ma/g _ when F is expressed in lbf, m in lbm,
and a in ft/sec?; equal to 32.174 Ibm-ft/Ibf-sec?.
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2
"gtandard" gravitational acceleration = 32.174 ft/sec

specific enthalpy (enthalpy per unit weight)

heat transfer film coefficient; h , coefficient for cold-side film;
h_. , coefficient for forced convection

fc
change in enthalpy for isentropic expansion
fluid head
electrical current
moment of inertia
specific impulse; Ispv = specific impulse in vacuum

dimensionless parameter = (h/GCP)(NPR)Z/3

thermal conductivity

dielectric constant in Section 4; porous material permeability in
Section 5.

length

mass

mass flow rate
Mach number
molecular weight
number

specific speed

rotational speed in revolutions per unit time

xxii




NU

PR

ST

Re

=4

fl

) 2
Py -pPyar

o]

Bond number =

hL

Nusselt number T where L is a characteristic length

CP 7
Prandtl number = e
h
Stanton number =
CP up

absolute pressure

power

heat flow rate (e. g., Btu/hr)
volumetric flow rate

radius or radius of curvature

universal gas constant = 1.987 Btu/hr-mole-°R = 1544, ft-1bf/1b-
mole-°R

D D
Reynolds number = B‘Te = __9

cross-sectional flow area

Lhyvdraunlia rading = =
wetled periinetes

AlyML twmcaw oo -

specific entropy (entropy per unit weight)
entropy

shear stress

time
absolute temperature

fluid temperature

xxiii



T temperature of saturated fluid

Tw wall temperature
u velocity; ub, turbine bucket tip velocity; u0 turbine nozzle velocity
U overall heat transfer coefficient; U or Uc overall coefficient

based upon hot or cold-side area

Ux internal energy
v specific volume
\' volume
VF volume fraction
w weight
WH weight of vent system hardware
WP L available payload weight
WV weight of vented propellant
\;V weight flow rate
X distance, defined as used
X quality = weight fraction of vapor in vapor/liquid mixture
Y volume fraction of vapor in vapor/liquid mixture
Greek
o angular acceleration
B angle
B ratio of total heat transfer area on one side of plate-fin exchanger

to the free volume between the plates on that side.
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Superscripts

film

fin

hot side

in or inside
liquid

mean
original, outside, out
saturated gas
total

turbine
upstream
vent or valve
vapor

out or outside

average
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w

Subscripts
b

B

isentropic exponent = <—B—E>
0 /s

dielectric permeability; € = dielectric permeability of pure
vacuum = 8.85 x 10712 farads/meter

efficiency

heat exchanger surface effectiveness

angle

heat of vaporization

viscosity

pressure loss coefficient

density

surface tension

ratio of free flow area to total frontal area
torque

turbine velocity ratio

angular velocity

turbine bucket
bubble

cold side
centrifugal
downstream

drag

exchanger
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SECTION 1
INTRODUCTION

The need for venting cyrogenic propellant storage tanks while coasting in space under
zero or low acceleration became a real one in the late 1950's, when advanced space
vehicles capable of engine restarts began to be developed.

A cryogenic propellant tank in space absorbs heat, thereby vaporizing some of the
already-saturated liquid and tending to increase the tank pressure. The rate of heat
addition and, therefore, tank pressure rise can be decreased by insulating the tank,
but even with very heavy thermal protection systems some energy will be transmitted
to the propellant. The storage tank must either be strong enough to withstand the re-
sulting pressure rise, or some means must be provided to relieve the tank pressure.
The only method of relieving tank pressure employed in practice has been venting of
propellant, hopefully vapor only.

Venting can be very simply accomplished on the earth's surface because the liquid and
vapor always occupy known positions within the tank and a simple vent pipe can be
employed. This is not practical under low-gravity conditions because the vapor/liquid
distribution in the tank can shift easily with small disturbing forces. Swalley, et al
(Reference 1-1), discuss a number of sources of such disturbing forces.

a. Sloshing induced during the ascent flight could be one of the major sources of
energy in the propellant at injection into orbit.

b. During ground hold and ascent, environmental heating will cause thermal convective

patterns to form in the liquid, with the hot fluid rising to the top of the liquid due
to buoyancy forces and spreading across the surface. If the acceleration is sud-
denly reduced, as at injection, it is believed that the liquid streamlines will con-
tinue vertically 1nstead of continulng to bend over at the liquid suriace.

c¢. Termination of propellant draining from the tank could cause disturbances associ-
ated with valve closure or change in direction of fluid momentum near the tank
outlet.

d. The tank sidewalls and lower bulkheads will be deflected during boost flight. At
injection into orbit the structure will try to return to its undeflected position and,
in the process, transmit some of its stored energy to the liquid.

e. Although liquids have low compressibilities, the amount of energy stored in the

hydrogen because of the hydrostatic head may have a significant effect on the pro-
pellant behavior at injection.
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f. During orbital coast several other types of disturbances may contribute to fluid
motion, such as: aerodynamic drag, gravity gradient, solar pressure, attitude
control operation, or crew movements.

Settling rockets have been used in current venting applications, but have two undesirable
features: they affect vehicle guidance and control, and are excessively heavy for very
high acceleration levels or coast times. It is important, therefore, to study ways of
separating vapor from a two-phase mixture of cryogenic propellant in order to insure
venting of vapor only.

This study has considered a number of possible separation systems including ones
employing heat exchange, mechanical separation, dielectrophoresis, surface tension,
and liquid or tank rotation. Three vehicle/mission cases (see pp. 7-2 and 7-3) were
used as typical applications of the previous separation methods: Case I was the S-IVB
stage with continuous venting during a 4 1/2-hour coast, one engine restart, and re-
tention of the existing settling rockets; Case II was the S-IVB stage without constraints;
and Case III was a cryogenic service module with a multiple-restart, 205-hour mission.
Information was gathered and analyses made to generate predesigned separator sys-
tems representative of each of the separation phenomena, and the information is sum-
marized in Sections 2 through 6 of this report. The predesign separator systems for
hydrogen were compared, as discussed in Section 7, and the heat exchange venting
system selected as the most promising one for the three vehicle/mission cases used
here. The remainder of the report is devoted primarily to more detailed work related
to the heat exchange venting system.

Section 8 summarizes the results of a comprehensive survey of existing hydrogen heat
transfer data, gives recommended data that were used in all heat transfer calculations
given in subsequent sections, and outlines the heat exchanger sizing procedure used in
the trade-off studies, parametric analyses, and design work.

A number of trade-off studies are discussed in Section 9. They are not intended to rep-
resent a complete optimization of a heat exchange system, but to give a basis for deci-
sions about system components and desirable operating conditions. One of the choices
made was to recommend a turbine-driven pump rather than one with an electric motor
drive. Therefore, because of the possible start-up questions about such a "boot-strap"
system, the preliminary transient analysis of Section 10 was made, resulting in the
conclusion that the vent-side and tank-side inlet streams should be common to avoid the
most adverse combination of inlet qualities (i.e., liquid on the vent side and vapor on
the tank side). With this provision, however, it was predicted that there would be no
problems with start-up.
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Section 11 shows the results of a conceptual feasibility design system for the S-IVB
hydrogen tank. Its variations in performance with changes in operating conditions are
shown in Section 12, Also in Section 12 are parametric results for variations in de-
sign conditions, a comparison of combination heat-exchange/mechanical-separator
vent systems with the separate heat exchange or mechanical separator systems, and
a comparison of combination partial reliquefaction/mechanical-separator and vent
systems with a mechanical separator system alone.

Finally, Section 13 outlines a test program that would demonstrate the workability of
the recommended type of venting system and generate the information needed for final
system optimization and design.



SECTION 2
HEAT EXCHANGER VENT SYSTEM

2.1 STATE OF THE ART. The heat exchanger system is designed to operate with
either gas or liquid and is therefore independent of the local fluid quality. Basically,
the vent fluid is throttled to a low pressure and temperature and allowed to exchange
heat with the tank fluid before being vented overboard. Assuming a sufficient amount
of heat transfer to evaporate all of the liquid originally present in the vent fluid and
sufficient heat transfer on the tank side to condense the equivalent quantity of gas, the
net effect on the tank pressure is the same as for all-gas venting. A schematic and a
T-S diagram of the basic concept are shown in Figure 2-1.

There have been a number of reports published covering analysis and testing of the
basic system concept. The steady-state performance of the system has been demon-
strated under 1-g using Freon-12 (Reference 2-1) and hydrogen (References 2-2 and
2-3); the hydrogen flow rates ranged from 0.07 1b/hr to 6.4 Ib/hr. The testing per-
formed at Beech Aircraft (Reference 2-3) included cycling of the system heat exchanger
inlet from gas to liquid and vice versa. Only gas was observed at the heat exchanger
outlet; however, it was felt that due to the location of the liquid detection devices a true
indication of whether or not liquid occurred at the exit was not obtained. The testing
did point out the need for highly refined techniques when using LH2 since the very low
temperatures involve high possibility of extraneous heat leakage.

This testing was performed using fixed throttling valves sized for gas or liquid with
heat transfer on the tank side by natural convection. In actual low-g operation, a single
valve is desirable for controlling the throttling process when the inlet can be alternately
gas and/or liquid. If a fixed throttling device were used, the flow rate when operating
with liquid inlet would be approximately seven times that with a gas inlet, and since the
valve would need to be sized for the gas case and the heat exchanger for the liquid case,
the heat exchanger would need to be large enough to evaporate approximately seven
times the nominal rate required. Both Air Research (Reference 2-4) and Beech (Refer-
ence 2-3) have proposed the use of a pressure regulator to control the pressure in the
heat exchanger and provide for throttling of the vent fluid. If the heat exchanger were
designed for low pressure drop and a fairly high outlet temperature then fluid conditions
out of the heat exchanger would be fairly constant, regardless of the condition of the in-
let fluid, and flow control could be accurately maintained downstream of the heat ex-
changer by a valve sensing tank pressure.

Recently, testing has been accomplished at Convair, under a company-funded program,
on a system using a downstream-pressure-regulator as a throttling valve with a fixed
restriction downstream of the heat exchanger (Reference 2-5). The test fluid was
Freon-12. The system inlet was cycled from gas to liquid and vice versa with no ob-
servable transient loss of liquid, even with the system adjusted for essentially saturated
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gas outflow (no superheat) at stabilized conditions. The vent flow rate remained essen-
tially constant for a constant tank heating rate regardless of the inlet fluid condition
(zas or liquid) during cycling. A standard regulating valve was used for the tests. It
was concluded that no serious problems need be expected in a flight system with respect
to this component.

A further consideration for system operation at low-g is the heat transfer requirement
on the tank side. For the g levels and vent rates normally involved, it is estimated
that relying on natural convection heat transfer will require very large heat exchangers.
It has been proposed to increase the tank-side heat transfer by using a turbine-driven
pump to circulate tank-side fluid through a plate-fin type of exchanger, using the vent
gas from the exchanger outlet to drive the turbine (Reference 2-4).

PRESSURE
REDUCING VALVE

P

VENT GAS

TANK PRESSURE
CONTROL VALVE

HEAT EXCHANGER— | @
PROPELLANT

SCHEMATIC

LIQUID INLET

GAS INLET
EXCHANGER PRESSURE

TANK PRESSURE ———@ @ /@

CYCLE DIAGRAM

Figure 2-1. Heat Exchanger Vent System

2-2




Conclusions on the present state of the art are that

a. The feasibility of the basic heat exchanger vent system concept has been demon-
strated.

b. Operation of the system with hydrogen at low-g needs further evaluation with re-
spect to heat transfer and system transients resulting from venting initiation with
liquid hydrogen at the inlet or sudden changes in the vent inlet quality, when a
vent-gas-driven turbine is employed for fluid circulation.

2.2 PREDESIGN DATA. During the course of the overall study several heat ex-
changer concepts were considered; each iteration included a higher level of refinement.
The data presented in this section represent the initial analysis that was developed for
comparison purposes only. Subsequent sections refine the results given.

From a review of the available literature and the requirements of the S-IVB and Cryo-
genic Service Module a system model consisting of the following components was chosen
for the present analysis.

a. Heat exchanger.

b. Circulating pump to circulate sufficient tank fluid over the heat exchanger to pro-
vide the necessary heat transfer.

c¢. Pump drive, which can be a turbine using the vent gas or an auxiliary power source
such as an electric motor.

d. Throttling regulator to reduce the vent fluid pressure and temperature and provide
a fairly constant pressure in the heat exchanger for gas and/or liquid inlet con-
ditions. '

e. Tank pressure control valve, which can be an on/off relief device sensing tank
pressure or a continuous regulating vent device sensing tank pressure.

Predesign data and a discussion of ihe anaiysis are presenied in ihe foilowing para-
graphs for the three basic vehicle cases described in Paragraph 7.1.

2.2.1 Case I (S-IVB, Continuous Vent). The system schematic is shown in Figure
2-2. The heat exchanger core is described in Figure 2-3. Weight and performance
data of the predesigned system used in the comparisons of Section 7 are presented in
Table 2-1.,

In the analysis it is assumed that the heat exchanger is mounted in the ullage space in
such a manner as to prevent additional wetting of the forward dome. Ullage fluid is
taken into the hot side of the exchanger and discharged toward the liquid surface.
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14 CHANNELS HOT SIDE
13 CHANNELS COLD SIDE
3 PASSES ON COLD SIDE

17,8-3/8W WAVY FIN 1 f——]
SURFACES BOTH SIDES
PER TABLE 9-3 OF

REFERENCE 2-6

— VENT
FLUID IN

0.0345 ft

ALUMINUM ALLOY
0.006-in, FINS
0.012-in, PLATES

TANK FLUID IN

Figure 2-3. Heat Exchanger Core, S-IVB Case

The exchanger is assumed to be of the '""compact' plate-fin type, and the sizing and
performance analysis is based on the methods outlined in Reference 2-6. A high-
efficiency fin surface is desired, and a wavy type with 17. 8 fins per inch and other
fin characteristics given in Table 9-3 of Reference 2-6 is assumed. The wavy fins
have high efficiency and are fairly easy to fabricate.

A rough estimate was made of the use of a coiled-tube heat exchanger without positive
mixing, assuming natural convection heat transfer at 2 X 10-9g, Although such a sys-
tem would be quite simple as compared with one including a pump and turbine, its es-
timated weight was approximately 1600 pounds; therefore, it was not considered further
in this study.

It is recognized that the heat exchange surface and configuration chosen for this initial
phase of the study are not necessarily optimum. In addition to variations in surface
geometry there are many factors that affect the final heat exchanger size. For ex-
ample, there is a trade-off between heat exchanger size and the tank fluid circulation
(pump power) and the amount of superheat of the vent fluid. Also, lower heat exchanger
pressures give higher heat transfer efficiency, in that there is an increased temper-
ature potential across the exchanger. An attempt was not made in this section to com-
pletely optimize the heat exchange system and the data presented are for a representa-
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Table 2-1.

Heat Exchanger Predesign Data Summary, S-IVB Case

WEIGHT
COMPONENT DESCRIPTION (1b)
Heat Exchanger Plate-Fin Type 80
Pump Nominal 6-in. Diameter, 12000 rpm 9
@ 5000 1b/hr Saturated GH, @ 20 psia
Ap = 34.6 1b/ft2
Turbine Nominal 6-in. Diameter Impulse - Subsonic 6
Flow 12000 rpm, bhp = 1.3 hp @ 0.35 lb/sec
Flow
Throttling 5-psia Outlet with 20-psia Inlet, Operation 6
Pressure Regulator with GH2 and/or LH2, 2 in.
Tank - Pressure 6-in, Diameter 12
Regulator
Shutoff Valve Electrically Operated 4
Total Fixed Weight 117 1b
System Performance
Subscripts refer to stations shown in Figure 2-2.
= i = °
p1 20 psia Tl 38.5 R
= i = °
o} 9 = 5 psia T2 31°R
VENT SIDE TANK SIDE
Flow T Flow Pump- .
Inlet Fluid Rate 3 3 P4 | mlet Fluid Rate Ap Turbine *AW Vent
Condition (Ib/hr) psia °R  psia | Condition (Ib/hr) psi  (bhp) (Ib/hr)
Saturated 1,260 4.9 34.1 4 Saturated 5,000 0.24 1.3 +37.3
LH, GHp
Saturated 1,260 4.9 36.3 4 Saturated 46,000 0.6 0.7 -7.2
LH2 LH2
Saturated 216 =5 ~38.5 ~~4.95] Saturated 725 0,009 0.0068 - 8.5
LH2 GH,,

*Refers to additional (+) or reduced (-) vent flow required to account for vent con-
ditions different from saturated gas at 20 psia.
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tive system suitable for predesign comparisons. The effect of variations of the major
system parameters are presented in subsequent paragraphs.

Since tank-side pressure drop does directly affect the required circulating pump power,
the heat exchanger design was restricted to a single pass on the tank (hot) side. A com-

plete summary of the basic assumptions made in the present analysis is given below.

Heat Exchanger Assumptions

a, Sizing is based on a vent flow of 1260 lb/hr with saturated LH_ at 20 psia at the
inlet to the throttling valve, and the outlet of the exchanger at 5 psia and 4 + 1°F
superheat, This amount of superheat at 5 psia gives a vent enthalpy comparable
to that of saturated gas at 20-psia tank pressure, and allows efficient turbine op-
eration. Also, heat exchanger pressure of 5 psia with an estimated turbine pres-
sure drop of 1 psia gives a reasonable pressure available for the vent thrust
nozzles.

b. For sizing purposes, the tank (hot) side fluid is assumed to be saturated GH2 at
20 psia,

c. For saturated gas on the hot side, the heat transfer coefficient is based on an
assumption of all-gas flow at constant saturation temperature of 38.4°R, The
amount of gas condensed is determined and a minimum gas velocity maintained
sufficient to prevent a buildup of liquid condensate on the heat transfer surface.

d. The vent-side heat transfer coefficient in the boiling region is taken as the sum of
that calculated for liquid forced convection (assuming all fluid is liquid) and that
determined from pool boiling data are taken from Figure 9 of Reference 2-8,

e. All forced-convection heat transfer coefficients for both gas and liquid are deter-
mined from Figure 8-11, which represents a replot and extrapolation of the data
of Figure 10-67 of Reference 2-6.

f. The vent-side pressure dropo through the exchanger is maintained at 0.1 nsi mavi-
mum,

g. Based on standard heat exchanger design practice the total heat exchanger weight,
including headers and mounting provisions, is taken as 1.43 times the basic core
weight,

h, The fins are 0.006-inch soft aluminum alloy.  The plates are 0,012-inch hard
aluminum alloy.

i. The heat transfer surface effectiveness, 1 o’ is determined from Equation 2-3 of
Reference 2-6. Values of o are plotted as a function of h¢ in Paragraph 8.3,
Figure 8-13,



Circulating Pump Assumptions

a. The pump efficiency at the design point, including bearing and seal losses, is 60
percent.

b. The pump is an axial-flow type with vanes similar to the inducer of the Centaur
boost pump, allowing operation in saturated hydrogen.

c. To determine the pump load variation from design with changes in speed and oper-
ating fluid, it is assumed that 10 percent of the total pump power at the design
point is consumed by bearings and seals, and that this portion is independent of the
operating fluid and proportional to the square of the speed. The remaining 90 per-
cent of the pump power is proportional to fluid density at constant speed and pro-
portional to the cube of the speed at constant density. These assumptions can be
derived from standard pump laws where a fixed downstream restriction exists
(Reference 2-9).

Turbine Assumptions

a. The vent-gas-driven turbine is a full-admission, impulse, single-stage type.

b. The efficiency versus the bucket-velocity/nozzle-velocity ratio is the same as
assumed for the mechanical separator turbine case and is shown in Figure C-8.

For use in the comparisons of Section 7, nominal operation of the system is assumed
to be with the same fluid conditions at the vent inlet as at the hot-side inlet. For this

condition the worst operating case will be with 100-percent liquid at the inlets, for
which the resulting average vent rate is 7 lb/hr less than the base case of 20-psia

saturated vapor vent. (See Table 2-1,)
The detailed analysis is presented in Appendix B.

2.2,2 Casell (S-IVB). Indications are that a significant increase in the amount of
heat transferred to the tank will occur if the forward dome is wetted. Also, the venting
of a superheated gas from the ullage results in high vent efficiency (low vent-rate-to-
tank-heating-rate ratio). Therefore, it appears advantageous to use vent-gas settling
rockets in this case, and the same data have been used for the Case II heat exchange
system as were used for Case I. (See Table 2-1.) To justify the wetting of the forward
dome by complete circulation of the tank fluid, which would likely occur with the heat
exchanger system operating without settling rockets, it would be necessary to know
more closely the actual conditions provided by the settling rockets and the effect on
heat transfer.

2.2.3 Case III (Cryogenic Service Module). Here no settling forces of significance
are assumed available from the vent gas, since the vent rates are extremely low. It
is assumed that for effective operation of the heat exchanger system the tank fluid con-
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tents must be mixed and significant accumulation of hot fluid prevented from causing
inefficient system operation and/or tank overpressure.

For comparison purposes, the same fluid velocities and mixing energies are assumed

as were determined for the mixing portion of the mechanical separator (Paragraph C.4).

This assumption results in an external power requirement to the mixer motor of 1. 34 x
10-3 horsepower, with an increase in required vent rate of 0.018 1b/hr.

The heat exchanger is a coil of tubing as shown in Figure 2-4, with an average fluid
velocity on the outside of 0.1 fps and a vent flow rate of 1 lb/hr. The system weight
data are given in Table 2-2. An electric motor is used to drive the mixer. It is theo-
retically possible to use the vent-gas flow to drive the mixer; however, the flow rates
are very low and the practical equipment limitations relatively unexplored. Therefore,
the use of a vent-gas-driven turbine was not considered for the initial system com-
parisons.

Detailed sizing and performance calculations are presented in Appendix B.
RELIEF VALVE

MIXER —>» VENT OUTLET

/ / HEAT EXCHANGER

VENT INLET —___|

THROTTLING VALVE /

\_/

Figure 2-4, Heat Exchanger Vent, Cryogenic Service Module

2.3 CONCLUSIONS., The following conclusions are drawn from the data generated.

a. System performance during transient operation is a major unknown in the present
analysis. At initiation of the vent cycle there is essentially no hot-side fluid flow
and relatively low heat transfer to the initial vent fluid. As venting progresses the
turbine-pump will increase the hot-side flow and the system will "bootstrap' to
steady-state operation. For the vent inlet submerged in liquid, it is possible that
some liquid will be lost during start-up. The heat sink of the exchanger will tend
to vaporize some of the initial liquid; however, the heat capacity of the aluminum
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at LH2 temperatures can be quite low. This start-up condition is analyzed in
Section 10 for the final S-IVB heat exchanger design.

Also, the overall response of the regulators, heat exchanger, and turbine-pump
will be important in determining overshooting and/or undershooting of the tank
pressure during normal operations and under conditions of phase changes of the
hot- or cold-side fluids.

Further analysis should be done in the controls area, perhaps including an analog
simulation. Final answers, however, can only be obtained from testing. Many of
the answers could be obtained from testing at 1-g using Freon-type fluids for initial
response tests, and finally hydrogen in a complete system test.

Another unknown in the analysis is a complete knowledge of boiling and condensing
heat transfer coefficients for hydrogen under low-g conditions. Boiling heat trans-
fer data do exist; however, there is a fairly wide spread in the data. The data do
appear to show that acceleration level does not significantly affect the boiling heat
transfer. Condensing heat transfer data at low-g are completely lacking. It should
be noted that a more accurate knowledge of the heat transfer coefficients would
allow a more accurate optimization of the system. However, it is felt that by mak-
ing conservative assumptions the present knowledge is sufficient to design a unit
that will work.

Table 2-2, Heat Exchanger Predesign Data, Cryogenic
Service Module LH2 Tank

WEIGHT
COMPONENT DESCRIPTION (1b)
Heat Exchanger 1/2 in. X 70 ft X 0.02-in. Wall Al 3.7
Alloy Tubing
Electric Motor 2.68 X10~4 hp Output @ 12,000 rpm 1
1.34 x10~3 hp Input
Mixer - - - 1.5
Throttling Regulator  1/4-in. Port Size 1.5
Relief Valve 1/4-in. Port Size, Positive Shutoff 1.3
Power Supply Apollo Fuel Cell 0.4
Total Fixed Weight 9.41b

A vent rate due to external power into the tank from the electric motor is
0.018 1b/hr.
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SECTION 3
MECHANICAL VAPOR/LIQUID SEPARATORS

3.1 STATE OF THE ART. The mechanical or dynamic method of vapor/liquid sep-
aration relies on the difference in density of the vapor and the liquid to promote sepa-
ration. The mechanical devices considered here employ a rotating separator to create
an artificial g field such that centrifugal forces separate the liquid from the gas, and
the gas is then vented overboard. Such devices have been designed, built, and tested.
Current designs are for use with LHy although similar units could be designed for use
with LOy. Testing has been accomplished using air/water, GNy/LN,, and GH,/LHg
as the test mediums. Testing to date has been primarily under 1-g conditions. Some
qualitative data have been obtained from aircraft zero-g testing. A major lack of know-
ledge exists with respect to the performance of units completely submerged and oper-
ating in LHg. Separator units have been built by General Dynamics Convair, Janitrol,
and Pesco. A discussion of each of these units and the data available follows.

3.1.1 Convair Separator. The unit built and tested by Convair is shown in Figure
3-1. A simple flow schematic is shown in Figure 3-2.

The design utilizes a rotating wheel to provide a vortexing of the fluid within the tank
along with centrifugal action to separate gas from the liquid. Gas enters the separator
through radial holes located in the periphery of the rotating wheel, expands through a
turbine, passes through a heat exchanger, and then is vented overboard. The turbine
is used to drive the rotating wheel. The heat exchanger is utilized to remove heat
from the fluid in the tank in order to improve overall system efficiency.

Development testing of the unit is covered in Reference 3-1. Problem areas en-
countered in early testing of the unit were excessive bearing and face seal friction and
leakage through face seals and static valve seats. The bearing problems were pri-
Marily due L warpage ol e bearing mouitiing struciure at e Liig tewperaiures,
causing binding and overheating. This problem was solved by the use of a more stable
mounting structure and slightly greater clearances on the bearing mounting case. The
face seal problem was solved by greater attention to alignment and lapping of the car-
bon face seal as assembled. The static seal leakages were reduced to within accept-
able limits by proper attention to alignment and lapping of the Kel-F seats used in the
small shutoff valves. The unit utilizes two counter-rotating wheels in order to reduce
the torque effect on the vehicle. The flow capacity of the unit is 100 1b/hr of gaseous
hydrogen at a tank pressure of 21 psia, the nominal operating speed in hydrogen is
9000 rpm, and the weight is approximately 25 pounds. A typical heat exchanger exit
condition is superheated gas at 39°R and 4.5 psia, with a 21-psia GHZ/ LH, mixture at
the separator inlet.
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CONVAIR SEPARATOR

JANITROL SEPARATOR

Figure 3-1. Convair and Janitrol Zero-g Separators
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Figure 3-2. Mechanical Separator Flow Schematics

Testing was accomplished in water/nitrogen, LN, / GN,, and LH,/ GH, environments.
Liquid was sprayed on the unit to simulate a liquid/gas mixture at the unit. Test re-
sults are contained in References 3-1 through 3-4.

3.1.2 Janitrol Separator. The unit is shown in Figure 3-1. A simple flow schematic
is shown in Figure 3-2. The Janitrol unit differs from the Convair unit in that a ro-
tating tube is used instead of a disk and the turbine is connected to the rotating sepa-
rator through a magnetic clutch. Vent gas is ducted through the clutch to improve
efficiency by removal of excess heat.

Testing of this unit was accomplished with water and with LHy/ GHy. The primary
problems with the unit were bearing failures and leakage. The unit uses hydrodynamic
journal type bearings. Bearing operation was unstable under the loading conditions
imposed, when operating with LHZ' The problem was reduced by bearing redesign and
better mounting. Also, the heat exchanger appears to be excessively restrictive of
tank fluid circulation. Labyrinth type sealing used at the bearings resulted in approxi-
mately 4000-scim external leakage. Flow rate of the unit is approximately 80 1b/hr
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of GHy. The unit weight is approximately 20 pounds. The nominal operating speeds in
hydrogen of the separator and turbine are 4500 rpm and 9000 rpm respectively. A
typical heat exchanger exit condition is 35°R at 5 psia with 25-psia two-phase hydrogen
inlet. The effect of the heat exchanger on the vent fluid condition was negligible. De-
velopment and test data history of the unit is given in References 3-5 and 3-6.

3.1.3 Pesco Separator. The Saturn S-IVB vehicle as originally conceived required
the use of a vapor/liquid separator. The original design criteria were for an on/off
venting system requiring high vent flow (short vent duration) of 6 1b/sec of hydrogen
gas with inlet conditions of 38 psia and -417°F saturated hydrogen gas. The Pesco
unit utilizes a low-pressure-drop turbine driven by vent gas. No heat exchanger is
used. Original operating requirements were weight 15 pounds, separation efficiency
100 percent at inlet mixtures up to 99-percent liquid by weight, and pressure drop 2
psi maximum. A unit was built and tested using air and water, but testing has not been
done with cryogenic fluids. The water test data indicate that the unit can achieve 99-
percent separation efficiency at inlet qualities only up to 75-percent liquid by weight
with a pressure drop of 3 psi across the turbine separator combination. The actual
weight of the unit is estimated at about 20 pounds. A motor-driven unit has been pro-
posed for operation with the S-IVB continuous vent system where a low positive accel-
eration is applied to the vehicle by the vent gas. This unit would only be required to
vent 0.35 lb/sec maximum. The design operating speed of the Pesco unit is approxi-
mately 2000 rpm. The unit represents an efficient design with low inlet gas velocities
when operating with the 0.35 1b/sec vent rate.

3.1.4 Conclusions

a. Mechanical separation units can perform liquid/vapor separation under low
acceleration conditions, and are within the state-of-the-art.

b. Liquid loss during start-up, especially in a nearly full tank, can be significant,
and auxiliary power might be provided to obtain a fluid vortex prior to opening the
vent. More testing and analysis is needed in connection with the liquid start-up
problem.

c. The use of a low-pressure-drop turbine appears advantageous since the flow is
subsonic and efficiency of operation is not as greatly affected by changes in the
operating fluid.

d. A large inlet flow area with low gas velocity across the separator disk, resulting
in lower required separation speeds and lower power consumption, is a desirable
feature of the Pesco unit.

e. The General Dynamics Convair configuration with respect to bearings and seals is
fairly well developed for operation at LHy temperatures.




3.2 PREDESIGN DATA. Data are generated for the three basic vehicle cases de-
scribed in Section 7.

Analysis of the mechanical or dynamic-type fluid separation system indicated the
critical or worst design case to be when the liquid at the separator inlet is in the form
of very small drops. In this case separation occurs when the centrifugal forces im-
parted to the liquid by the separator are greater than the drag forces exerted by the
gas flowing into the unit. As the drop size decreases the chance of liquid entrainment
increases. For high separation efficiency, the design should have low gas velocities
into the separator and inlet configurations of a nature to promote coalescence of small
drops of liquid into larger drops as centrifugal energy is being added to the liquid. A
separator inlet with large flow area and curved vanes fills this criterion and has been
used in the initial predesigns. Predesigns developed for the system comparisons are
summarized in the following paragraphs for each vehicle case.

3.2.1 CaselI (S-IVB, Continuous Vent). Both an electric-motor-driven separator
and a turbine-driven unit were considered. Both designs rely on the S-IVB settling
rockets to prevent large masses of 100-percent liquid at the unit inlets and are based
on achieving essentially 100-percent separation with a 10-percent quality (90-percent
liquid) at the unit, for a vent flow-rate range of 0.06 to 0.35 1b/sec. Detailed design
packaging was not optimized for the purposes of this predesign. The motor-driven
unit, sketched in Figure 3-3, is designed for a maximum pressure drop of 1 psi, and
it is assumed that operation is initiated at the start of the coast period and prior to
actual venting in order to ensure gas at the unit at the time of venting. During periods
of complete liquid inundation, some liquid will be lost; however, the motor-driven unit
is designed to operate at essentially full speed under such conditions and should quickly
clear itself.

The turbine-driven unit will operate at significantly reduced speeds when in liquid and
the amount of liquid loss could be appreciable. However, more needs to be known
about the tank fluid dynamics under the low-g coast conditions before a reasonable es-
timate can be made ot the actual liquid losses.

The power added to the tank fluid by the electric motor and the energy removed from
the vent fluid by the turbine are accounted for by calculating their effects upon vent
flow rate. The design data for the motor-driven unit are summarized in Table 3-1
and those for the turbine-driven unit in Table 3-2. The operating cycle and possible
failure modes and consequences associated with each component are listed in Table
3-3 for the motor-driven unit and are, in general, characteristic of the turbine~driven
unit also.

3.2.2 Case II (S-IVB). For the vent flow rates of the S-IVB vehicle, it appears ad-
vantageous to make use of the vent gas to apply an acceleration to help maintain

the mechanical separator free of liquid. Also, it appears advantageous from an over-
all heat transfer standpoint to settle the propellants as much as possible to prevent

3-5
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: Table 3-1. Mechanical Vapor/Liquid Separator (Electric-Motor Driven)

S-IVB VEHICLE WITH CONTINUOUS VENTING AND VENT GAS SETTLING

NOMINAL WEIGHT
COMPONENT DESCRIPTION POWER RATING (1b)
- Separator Al Alloy 0.39 HP @ 1300 rpm 12.8
Assembly
Motor 400 cycle, 4 pole, 3-phase induction, Motor bhp = 10
Gearing 8:1 ratio, 95% efficiency 0.885 @11,650 rpm
Battery Ag - Zn 2500 w-hr 50
Inverter 400 cycle 800-v-a inverter 32
Controls On Switch (Redundant) 1
Valves 2-in, -Diam, Solenoid Operated _— 3
Shutoff
Total Fixed Weight __ _ __ _ _ _ 108.8 1b
External Power to Tank 420 watts average, Awtent =0.002 lb/sec,

WT =0.352 to 0.062 lb/sec

* Represents the increase in vent requirement due to electrical power into the pro-
pellant tank when operation is in 90-percent liquid by weight.

Table 3-2. Mechanical Vapor/Liquid Separator (Turbine Driven)

S-IVB VEHICLE WITH CONTINUOUS VENTING AND VENT GAS SETTLING

NOMINAL WEIGHT

OO DONTTATT MNMTANADTDTINANT NAIIT'D D A MTATM V4B Y
~Savaslnsavalay 4 aa’ xassan

Asaarsnsawy A NS VY LAV LVLA L ALYNA \:vy

Separator Al Alloy 0.39 hp @ 1300 rpm 13.1
Assembly 0.35 lb/sec flow
Turbine 10-in.-Diam Al Alloy 0.56 hp @ 1480 rpm 2
0.35 1b/sec flow
Ap=2.5psi
Valves 2~in, -Diam, Solenoid-Operated —_— 3
Shutoff
Total Fixed Weight _. _ _ _ _ _ _ 18.11b
AW =0.0021 to 0.00001 1b/sec W =(.3521 to 0.06001 lb/sec
vent T




wetting of the forward dome. I continuous venting were not required, a motor-load
sensing device could be used that would shut off the vent flow when the separator be-
came inundated with liquid. This method would be an advantage in preventing the loss
of liquid; however, shutting down the vent thrust would increase the possibility of ex-
tended periods of inundation and shutdown that could allow an excessive increase in
tank pressure. Therefore, the use of a continuous vent thrust is also assumed for the
Case II vehicle, and the predesign will be identical to that developed for Case I and
summarized in Tables 3-1 through 3-3.

3.2.3 Case III (Cryogenic Service Module)

3.2.3.1 LH, Tank. No settling forces of significance are assumed available due to
the extremely low vent rates. Design of the separator is, therefore, based on the
assumption that a gas/liquid mixture exists at the unit corresponding to the average
existing in the tank. The basic configuration is the same as for the S-IVB unit shown
in Figure 3-3. In determining power requirements, it is assumed that there is the
requirement to maintain continuous mixing of the entire propellant tank in addition to
the normal separation requirement. An electric-motor drive is used. A preliminary
analysis indicates that the use of a vent gas turbine would be theoretically feasible;
however, a detailed analysis would be required to determine actual hardware require-
ments and feasibility since units operating at the extremely low continuous flow rates
of the present case have not been built. Also, the liquid loss during start-up would
probably be significant for cyclic operation and difficult to predict; therefore, data are
not presented for a turbine-driven unit. The electric-motor-driven unit is assumed to
be started prior to actual venting in order to ensure gas at the separator at initiation of
venting. Design is based on an initial propellant tank ullage volume of 5 percent. The
unit is sized for the maximum heating rate of 189 Btu/hr and is designed for on/off
operation; i.e., at heating rates lower than 189 Btu/hr, the venting would occur in a
cyclic on/off mode with tank pressure varying between pre-set limits. Design data de-
veloped for the initial phase of the study are summarized in Table 3-4. Possible failure
modes are similar to those described for the S-IVB system.

3.2.3.2 L_Qz _'I_‘in_li The same basic assumptions are made for the LO, tank vent
unit as for the hydrogen tank unit except that the maximum heating rate is 90 Btu/hr
for the LO, tank. Design data for the oxygen unit are presented in Table 3-5. The
failure modes and consequences are the same as for the hydrogen case, except than an
additional mode of failure is possible with an electric motor operating in an oxygen en-
vironment. Motor windings operating in such an environment are sealed, and if the
sealing were to fail, the motor would probably burn with subsequent separator stalling
and loss of liquid from the tank.

3-8
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Table 3-4. Mechanical Vapor/Liquid Separator (Electric-Motor Driven)
CRYOGENIC SERVICE MODULE LH2 TANK WITH ON/OFF VENTING ANDNOSETTLING

NOMINAL WEIGHT
COMPONENT DESCRIPTION POWER RATING (1b)
Separator &  4-in.-Diam Al Alloy 5.88 x 10~¢ hp 4.5
Mixer Assem- @ 302 rpm
bly )
Motor and 400 cycle, 4 pole, 3-phase induction, Input 2,94 X 1073 1
Gearing 40:1 ratio hp , Output 5.88 X
10-4hp @ 302 rpm
Fuel Cell Fuel Cell Reactants and Tank R 0.4
Valves 1/4-in. Nominal On/Off Pressure _— 1.3
Relief Valve

Total Fixed Weight — _— _— - 7.21b

External Power to Tank 2.195 watts A“}ve:t 0.0396 1b/hr

Table 3-5. Mechanical Vapor/Liquid Separator (Electric-Motor Driven)
CRYOGENIC SERVICE MODULE LO2 TANK WITH ON/OFF VENTING ANDNOSETTLING

NOMINAL WEIGHT
COMPONENT DESCRIPTION POWER RATING (1b)
Separator &  2-in.-Diam Separator Al Alloy 1.066 X 10~3 hp 4.0
Mixer Assem- 4-in.-Diam Mixer @ 230 rpm
bly
Motor 400 cycle, 4 pole, 3-phase induction, 1.066 X 1073 hp 1
Gearing 48:1 ratio Output, 5.33 X 1073
hp Input @ 230 rpm
Fuel Cell Fuel Cell Reactants and Tank 1.86
Inverter Existing 0
Controls On/Off Pressure Switch 0.5
Valves 1/4~in. line size On/Off Pressure 0.5
Relief Valve

Total Fixed Weight — — —~ — — —~ 8 1b

External Power to Tank 3.98 watts Av{rve=n , 0151 lb/hr
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3.3 CONCLUSIONS. The following conclusions are drawn from the data generated
for the three vehicle cases.

a.

The major unknown in the analysis and comparisons of the mechanical type sepa-
rators is the quality of the fluid that is likely to exist at the vent throughout the
coast. Until such data are obtained, it is extremely difficult to evaluate these vent
systems, which are extremely inefficient when operating in close to 100-percent
liquid. I some liquid loss can be tolerated and potential periods of inundation
could be defined, all systems could be compared on the basis of weight and com-
plexity. The mechanical units can be designed for minimum liquid loss by using a
load sensing device in conjunction with a shutoff valve to discontinue the venting
during periods of liquid inundation. Such a device could be used with the motor-
driven separator and with the turbine-driven unit if an auxiliary power source
(such as a motor) were used during periods of separator overload. Even with the
use of such a device, however, some knowledge of the duration of shutoff would be
required to determine whether excursions in tank pressure during shutoff would be
within acceptable limits. Also, in the S-IVB case, complete shutoff of the vent
would terminate the thrust of the settling rockets, allowing liquid to wet the for-
ward dome of the vehicle. Further hydrodynamic analysis is needed along with
testing at 1-g in full tanks of LH, and water. Final correlations and verification
testing, however, would have to be performed under extended low-g conditions.

For the S-IVB case, the data show that a turbine-driven unit will theoretically
operate satisfactorily over the 0.35 to 0.06 1b/sec flow range. However, more de-
tailed analysis, particularly of the turbine design, is needed to insure proper oper-
ation at the low-flow rate. Bearing and seal power would not be quite proportional
to the cube of the speed as assumed here; i.e., power at the low flow would need

to be greater than shown in the present analysis; therefore, turbine sizing would be
based on the low-flow case. This would result in greater inefficiencies at the high
flows. Also, a closer look at the separation criteria would be needed due to the
low separator speeds of the 0.06 1b/sec-flow condition. The main disadvantage in
tho uca of a turhine drive lieq with its extremely inefficient operation with LHZ.

An auxiliary drive operating during overload periods to allow the unit to clear it-
self of liquid in a reasonable time could be used.

Determination of start-up times, minimum power, and propeller configuration for
the Cryogenic Service Module to ensure gas at the separator is critical and not well
defined at the present. Further work needs to be done in this area.

Determination of separation criteria (minimum power and optimum configuration)
for different conditions (slug, foam, droplets) of the liquid at the separator needs
further analysis and testing in order to completely optimize the separator design.

The detailed calculations and assumptions used to generate the predesigns are pre-
sented in Appendix C.
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SECTION 4
DIELECTROPHORETIC SYSTEMS

4.1 INTRODUCTION. Ways of designing a vapor vent system for operation under
low or zero acceleration may be placed in one of two prime categories: (a) total fluid
control or (b) vapor/liquid separation with subsequent venting of vapor. This section
describes preliminary concepts of total fluid control methods and liquid/vapor separa-
tion methods employing electrostatic fields to orient cielectric fluids such as oxygen
or hydrogen in such a way to permit venting of vapor alone.

The following is not a complete review of literature and documents that have been
studied in relation to dielectrophoretic means of liquid control, but includes the more
significant documents used in the preliminary design of the systems discussed.

H. A. Pohl (Reference 4-1) called attention to the behavior of dielectric fluids in non-
uniform electric fields in 1958, While no practical designs are suggested, the

paper presents the fundamental behavior of dielectric liquids in the presence of electri-
cal fields. Also in an earlier paper (Reference 4-2), Pohl applied the name of "dielec-
trophoresis" to this liquid behavior. Dielectrophoresis is defined as the motion of
matter caused by polarization effects in a nonuniform electric field. This electrical
phenomenon may be used to orient and control a large class of dielectric fluids including
cryogenic fluids like hydrogen and oxygen. In brief; if a cryogenic storage vessel con-
tains an array of electrodes (electrostatic condensers) of some given geometric arrange-
ment and if a voltage is impressed across the electrodes, the dielectric liquid will be
moved and drawn into the space between the high potential and ground electrodes within
the storage tank. This separation of liquid and vapor enables the design of vapor vent-
ing systems that minimize inadvertent venting of liquid in a low-gravity space environ-
ment.

J. B. Blackwon (Reierences 4-3, 4-4, and 4-5) has publisied iheoreiical and experi-
mental work dealing with dielectrophoretic methods of positioning cryogenic liquids.
This work is instructive but of itself does not yield desired configurations applicable
to the vehicles under study.

During 1964 General Dynamics Convair undertook an analytical study of dielectro-
phoresis (Reference 4-6) as it might be applied to the Centaur hydrogen tank. Dynatech
Corporation contributed to Convair some theoretical calculations and some configura-
tions applicable to the Centaur tank (References 4-7 and 4-8). These configurations
are proprietary to Dynatech and of themselves are not applicable directly to the vehicle
or tank configurations under study.



During 1963-64, under contract to the Air Force Aero-Propulsion Laboratory, Dyna-
tech Corporation conducted an experimental and theoretical study of total fluid control
methods (Reference 4-9). This technical report discusses theory, presents practical
design equations, and substantiates theory with model tests.

All of the current literature obtained during this study deals with the total fluid control
concept, rather than liquid-separator devices, per se. The former can be accom-
plished by any one of a variety of capacitor configurations within a given tank, e.g., a
concentric condenser geometry where the ground and high-potential electrodes are
concentrically located about the longitudinal axis of essentially cylindrical tanks, or
plate condensers with the plates spaced along the longitudinal axis and at right angles
to it. No significant designs of liquid/vapor separator devices employing the dielec-
trophoretic principle were found.

Reports of small-scale tank tests conducted with a liquid/liquid model at 1g and with
liquid/vapor systems in aircraft tests at low acceleration conditions indicate that di-
electrophoretic fluid control is possible.

4.2 TOTAL FLUID CONTROL. Two applications were analyzed in a preliminary
way to study control of the total fluid in a storage tank.

a. Cryogenic Service Module hydrogen tank.
b. S-IVB hydrogen tank.

4.2.1 Basic Design Equations. Consider the case of parallel plate condensers spaced
along the longitudinal axis of a tank and at right angles to it.

63\__ The average required electric field intensity
— ':_—va_ for the configurations shown in the sketch is

given by (Reference 4-9):

2 [
2.V __ L (L pv>g O

w ri €L - €V
T
o
4@ where

field intensity, volts/meter

voltage between pair of electrodes, volts

€
I

electrode spacing, meters
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p;, = liquid density, kg/m3
= vapor density, kg/m3

Py

L = liquid height in tank, meters

ri = inner radius of electrode, meters

r0 = outer radius of electrode, meters

g = local gravitational acceleration, meters/sec2

€L = dielectric permeability of liquid hydrogen, farads/meter
€V = dielectric permeability of gaseous hydrogen, farads/meter

Equation 1 expresses the required field strength as a function of tank geometry, elec-
trode geometry, properties of the fluid to be controlled, and local acceleration con-
ditions.

4.2.1.1 Electrode Weight. Employing the electrode design S}lggested in Reference
4-9, namely, eachelectrode consists of two parallel plates of wire screen separated by
a small gap, the equation for electrode weight is:

2 2
i = 2 -
Total electrode weight T (rO ri) psa ne (2)
where n is the number of electrodes and Pea is the weight per unit area of wire screen.

4.2.1.2 Electrode Support Weight. An optimal method of electrode wire-mesh screen
support within a given tank has not been determined. The catenary method of support
suggested in Reference 4-9 was applied to these first preliminary designs, although the
catenary is probably not an optimal means of electrode support. For each electrode,
five stainless steel tubes are used to support the electrode as shown in the sketch.

ELECTRODE MESH

INSULATOR
CATENARY SUPPORT



With reference to the sketch:

S = maximum catenary deflection below the horizontal

£ = length of each catenary

r, = tank radius

rp = outer radius of high-potential electrode

r, = electrode inner radius

ss = insular space between tank and high-potential electrode

In the case of large tanks and high voltages impressed across the electrode, the high-
potential electrode must be insulated from the tank wall by suitable nonconducting
material. Also the spacing between electrodes (w, previously defined) must be such
that for the voltage selected the electrical breakdown value of gaseous hydrogen is not
 exceeded.

ss = —((;3,) (COF) (3)
BRKD)
where
v = potential between adjacent electrodes
COF = dimensionless experimental coefficient based on model tanks, on the
order of 5.00 (Reference 4-9)
EBRKD = breakdown field intensity of hydrogen vapor

Since vapor can exist anywhere in the tank electrode system, the voltages selected for
design must be below this breakdown value. Epgpgr) seems to be primarily a function
of vapor density, and a careful search was made to establish the experimental range
of this parameter. Consultation with Dynatech Corporation and Convair's own perusal
of References 4-10 through 4-13 yielded the following range of values of Egp g for
gaseous hydrogen.

< ° < 12,000
6000 EBRKD (20°K, 1 atm) s kv/foot

In the designs considered and discussed in this study, operating voltages ranged from
50 to 700 kv/foot, all well below Egpgp-

Returning to the catenary weight calculations, the deflection, s, of a parabolic catenary
subjected to a distributed load, q, is given by:

s T —— (4)




where

i

s deflection at center, taken as 5 percent of electrode spacing, w

H

tension in catenary

If the catenaries are fabricated from thin-walled, small-diameter stainless steel tubes,
H may be defined as:

H = @Dt S (5)
ccec
where
Dc = tube diameter
1:c = wall thickness of tube
Sc = allowable stress (taken as 80 percent of yield strength)

Since there are five catenaries per electrode plate, the maximum force on each of
five catenaries may be computed as one-fifth of the drag force on each electrode, or

2
A +W
CD(pL/z)u o o

Lq = = * W (6)
where
o = electrode area
CD = electrode screen drag coefficient
u = slosh velocity

The drag coefficient Cpy is uniquely determined as a function of the fraction of area
blocked by the selected electrode screen material, FAB, thus

C = 0 NARR ¥ 1n3'12 (FAB) I
.,D - e - e e \l’

This relation represents a best fit (Reference 4-9) to experimental data from Mark's
Mechanical Engineer's Handbook, Fifth Edition. In turn, FAB is strictly a function of
screen geometry and is expressed as

can - (D1 - Dz) D1 +2D1 D2 -
(D1 + D2)
where
D 1 - screen wire diameter
D2 = screen mesh spacing

4-5



For the screen assumed in all designs (D = 0.001 ft, Dy = 0.01 ft symmetrical) the
drag coefficient is 0.17. The maximum slosh velocity within the tank can be calculated
by the following expression.

1/2
“max = @8 Lp) (9)
where 2
= disturbance acceleration in g, (1.6 X 10  was used)
LT = maximum length through which fluid travels

Thus from the equations above, Equation 6 may be written as follows:

4q = 0.0097 x 10°° 12 (FAB)

2 2
- + 0.2W + W 10
Top, a8, Ly (5, = 1) et Ve (O
and from Equations 4, 5, and 10 the tubular, catenary support network weight for each
electrode can be calculated by:

W (supports for one electrode) = 5m{ Dc tc pc (11)

where
pc is the density of the support tubing material.

4.2.1.3 Required Power. The power required to operate the total control systems
and to operate the small dielectrophoretic separators was calculated by the methods of
Reference 4-9. However the numbers are approximate in that sufficient time was not
available to carefully study the inverter/transformer and/or choke/capacitance circuit.

The reactive current for a purely capacitive load is given by:

ICAP = VCAP21TfC (12)
where

IC AP = current rating, amps

VC AP = voltage impressed across electrode pairs, volts

f = frequency - taken as 300 cps

C = tank electrode (condenser) system capacitance, farads

The capacitance, C, can be calculated by standard relationships.

C = KA/4mw (9 X 105), microfarads (13)
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where

K = dielectric constant of liquid; 1.226 for LH, and 1.507 for LO,
A = area of one condenser plate, cm2
w = distance between ground and high-potential electrodes, cm

The power input to the circuit is

p = ICAP VCAP (14)
Q
where
Q is the transformer ''quality’ or '"goodness'" factor (taken as 174,

Reference 4-9).

4.2.2 Predesign Calculations and Results -~ Total Fluid Control Concept

4.2.2.1 Cryogenic Service Module. Calculations were made to determine the re-
quired number of electrodes for two voltages, namely, 127,500 and 300, 000 volts,
giving 25 and 10 electrodes required respectively. Using annular circular discs of
aluminum wire screen (0.001-ft wire diameter and symmetrical mesh spacing of 0.01
ft) the weights of electrodes alone for the two voltages were 127.5 kv/60 1b and 300 kv/
25 1b,

The electrode support system was based on the five catenary per electrode scheme
previously mentioned and was highly sensitive to plate spacing since the maximum
permissible catenary deflection was fixed at 5 percent of the plate spacing. The re-
sults for the two voltages were 127.5 kv/224 1b and 300 kv/36 1b.

The specific power requirement was estimated to be about 1 kw. The weight of the
power conversion pack would be of the order of 150 pounds, but could vary considerably
depending upon detailed design, which was not possible here.

There is also the question of power pack location. It would be a saving in boiloff weight
to locate if outside the tank to prevent adding the considerable energy dissipated in the
power hardware to the propellant. However, the mechanical problems of passing very
high-voltage electrical cables through a thin-walled cryogenic propellant tank and pre-
venting fluid leakage would require solution before an outside location for the power
pack could be planned.

Cyclic orientation of the propellants might be considered, although this would require
prior demonstration that the orientation transients and stability problems were small.
It was felt to be more reasonable, with the present state-of-the-art, to compare con-
tinuous control and venting with the other separators that were also planned for con-
tinuous operation. Therefore, cyclic operation was not analyzed.

4-7



Figure 4-1 summarizes the weight and performance estimates for the Cryogenic Ser-
vice Module hydrogen tank total fluid control predesign, using 300 kv across the elec-
trodes, which gave a lower total weight than did the 127.5 kv case.

The possible failure modes, common to both this application and the other total fluid
control systems or separator devices, are discussed in Paragraph 4.4.

Some of the assumptions and/or unknowns in the predesign are discussed below. The
adverse acceleration level chosen for design was 5 X 10‘4go. It is assumed that total
orientation of dielectric fluids such as hydrogen or oxygen by means of electrostatic
fields is possible, given sufficient electrical fluid strength. This assumption seems to
be fairly well established by model tank tests in laboratory experiments and aircraft
tests. However, as far as is known, it has not been demonstrated for either hydrogen
or oxygen fluids or for large-scale tanks comparable to those considered in these pre-
designs. As previously mentioned, there is a question about the location of the power
pack, to be determined by whether a satisfactory method of transferring high-voltage
power through the tank skin can be developed. The method of supporting the electrodes
by catenaries may be inefficient from a weight standpoint, but a detailed study of sup-
port methods was beyond the scope of the study. The design and, therefore, weight of
the power pack were not determined in detail. However, General Electric Company is
now studying this problem at our request and there will be information forthcoming
from them. Giannini Controls has produced a converter to supply 100, 000 volts for a
short (uncooled) duration that weighs only 10 pounds. Dynatech and Ionic Physics, Inc.,
have a joint project to develop a lightweight power supply package.

4.2.2.2 S-IVB. The results of the predesign calculations on the total fluid control
concept for the S-IVB hydrogen tank are outlined below.

The number of electrodes required varied inversely with applied voltage and was (for
100, 200, 300, 400, 500, 600, and 700 kv respectively) 128, 64, 42, 32, 25, 21, and
18. The weights of electrodes and supports as a function of plate voltage are shown in
Figure 4-2. These weights are based on electrodes fabricated from aluminum wire
screen of 0.001-foot wire diameter and symmetrical mesh spacing of 0.01 foot, an
adverse acceleration of 5 x 104 g, for determining field strength, and acceleration of
1.6 x 1072 g for sizing the electrode supports.

These weights were sufficiently higher than those for the dielectrophoretic separators
or other separator devices that the total fluid control concept for the S-IVB size tank
was not pursued further.

4.3 DIELECTROPHORETIC LIQUID/VAPOR SEPARATORS. Descriptions of cryo-
genic fluid liquid/vapor separators, employing the dielectrophoretic principle, were
not found in the literature surveyed. However, a method has been conceived and a
configuration established during this study. Some preliminary design configurations
have been developed and performance and weights estimated. Three dielectrophoretic
separator designs have been evblved, one for the S-IVB tank, one for the Cryogenic
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Figure 4-1. Cryogenic Service Module Hydrogen Tank

4-9



2800
2600 [
2400 [
2200 |
2000 -
1800 |
1600 |

1400 -

WEIGHT (1b)

1200 -
1000 [
800 |
600 |
400 |-

200

ELECTRODE
SUPPORTS

ELECTRODES
PLUS SUPPORTS

ELECTRODES

1 1 1 1 1

0 Il
0 100 200 300 400 500 600 700 800

PLATE VOLTAGE (kv)

Figure 4-2. Weights of Electrodes and

Electrode Supports for the S-IVB Hydro-
gen Tank, Total Fluid Control Concept

HIGH-POTENTIAL

Service Module (CSM) hydrogen tank, and
one for the CSM oxygen tank. The princi-
ple of operation and basic geometry are
the same for all three tank separators;the
differences are only in size.

4.3.1 Basic Geometry and Principle of
Operation. The conceptual separator de-

sign is illustrated by the sketch.

Basically, the separator is a tank within

a tank. The inner tank contains parallel
electrodes mounted at right angles to the
axis of revolution of the cylindrical tank.
Essentially, the design is the same as
previously described for total fluid control
and, as before, within the separator tank
the fluid is positioned by an electrostatic
field applied between the high-potential and
ground electrodes.

Just as in the case of total control, each
"electrode' is a pair of wire-mesh screens
separated by a small gap, df, called the
Faraday Gap. This gap is usually of a size
similar to the screen mesh spacing.
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The inner tank is so arranged and the ground electrodes are so mounted that liquid/
vapor mixtures can be circulated from the inlet through the annular passage between
the two tanks and enter into the gap between the ground electrodes. The liquid/vapor
mixture then flows in parallel through all the ground electrodes toward the center of
the tank with removal of liquid from the two-phase mixture. The vapor is removed
from the center of the tank and vented through the existing tank vent.

During operation, when voltage is applied between the high-voltage and ground elec-
trodes, the liquid is moved to the region between the electrodes, leaving the Faraday
gap free of liquid and forming a passageway for the two-phase vent stream. That the
gap is free of liquid in the presence of an electrostatic field is an observed experi-
mental fact (Reference 4-9). It has also been observed that when liquid does penetrate
into the Faraday gap it is rapidly absorbed into the liquid column being controlled by
the electrostatic field between the electrodes in space w (Reference 4-14). Thus the
basic action of the dielectrophoretic separator is one of "stripping" the liquid flowing
in the Faraday gap and moving this liquid into the electrostatic field region between
electrodes, where it is held in place.

It is obvious that this action would eventually overfill the separator; therefore, a small
pump is installed to continuously remove collected liquid and return it to the main tank.

With a reasonable "stripping'' efficiency and sufficiently large contact area of all elec-
trodes handling the liquid/vapor mixture, essentially 100-percent vapor should reach
the center of the separator and be subsequently vented overboard.

4.3.2 Analytical Design Considerations . . There will be a pressure drop between
separator inlet and separator core as the vapor/liquid mixture flows through the elec-
trode Faraday gap, causing a pressure force tending to move the liquid column between
the electrodes toward the center. Adverse accelerations may cause forces tending to
move the controlled liquid from between the plates. If the liquid between the electrodes
is removed then liquid will be lost through the vent, and the separator may never again

fauahl ~ ~da £ 13 _.._
operate enccescfully To nrovent this, the mamnitude of the clectrostatic fisld must be

great enough to hold the liquid in place between the electrodes against the two adverse
forces listed above.

An equivalent head rise, h, due to the electrostatic field action can be computed by
(Reference 4-9):

2
- _1_ (eL - eV) E 15)
2 (pp - py) 8 -

where the variables are those defined for Equation 1.



The value of h can be independently determined by calculating the pressure drop of
two-phase flow in the Faraday gap and the adverse acceleration force. Once these are
known they can be converted to equivalent fluid head and the required field strength,

E, at a given acceleration calculated from Equation 15.

This field strength, E, will be

the theoretical minimum required to balance the forces tending to blow the liquid column

out of the separator.

In calculating the pressure drop through the Faraday gap channel, the gaseous-phase
pressure drop is first calculated. Then this pressure drop is corrected to give the
pressure drop for isothermal two-phase flow using the method of Martinelli, as out-

lined in Appendix D,

4,3.3 Summary of Calculations and Results (Separators).

Lacking any experimental

data on the stripping efficiency of a separator device as outlined in the previous section,

rough estimates were made of the required size of the separator passageways.

These

estimates resulted in setting the overall separator dimensions as 4-foot diameter by
4-foot height for the S-IVB hydrogen tank, and 1.5-foot diameter by 1.3-foot height for

the CSM hydrogen and oxygen tanks.

In the case of the S-IVB 4 by 4 foot separator, parametric calculations were made for

a fixed geometry shown in Figure 4-3.

The variables were: vapor flow rate over a

‘ range of 0. 06 to 0.35 1b/sec, and Faraday gap, d;, of 0.01, 0.03, and 0.06 foot.
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Figure 4-3. Electrostatic Field Separator, S-IVB Hydrogen Tank
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Figure 4-4 depicts the gaseous channel pressure drop, Ap,, determined as a function
of vapor mass flow rate, Also tabulated in Figure 4-4 is the correction factor (q)gtt)z
to be applied as follows to obtain ApTPF’ the two-phase flow pressure drop.

2
= Ap (¢ ) (16)

APrpr g\ gtt
Figure 4-5 depicts the required voltage between electrodes as a function of vent inlet
flow rate at various qualities. This series of calculations was made for the smallest
Faraday gap of 0.01 foot. Also shown in this figure is an insert graph of electrode
voltage required as a function of fluid quality at a fixed vapor flow rate of 0.35 lb/sec.

The pressure drops and resultant required voltages as calculated are extremely con-
servative because the inlet fluid quality was assumed to remain constant during the en-
tire residence time in the Faraday gap flow channel. The actual average fluid qualities
would be higher and, consequently, the pressure drops would be lower than these.

The components of the final S-IVB separator selected for the comparison of predesigns
in Section 7 are described below.

a. Seventeen electrodes of aluminum wire screen with 0.001-foot diameter wire,
0.01-foot symmetric wire-mesh spacing, and Faraday gap of 0.01 foot, weighing
13 pounds.

b. The outside shell, which is basically a 4-foot diameter by 4-foot high aluminum
cylinder of approximately 0.050-inch thickness. The shell, stiffeners, and elec-
trode supports would weigh approximately 130 pounds.

c. High-voltage (550,000 volts ac across the electrodes) power supply hardware with
a power output and a weight of approximately 400 watts and 60 pounds.

d. A reversing pump with electric motor drive, weighing about 3 pounds.

e. A modulating vent valve and shutoff valve, weighing about 6 and 4 pounds respec-
tively.

f. A liquid or mass sensing device to determine minimum and maximum liquid levels
in the separator tank, estimated to weigh 10 pounds.

g. Batteries and an inverter for primary power supply.

The separators for the Cryogenic Service Module hydrogen and oxygen tanks were
chosen to be identical in size, resulting in a slightly greater design acceleration for
the oxygen separator than the 5 x 10-4 g, level used for the hydrogen separator. A
single Faraday gap size of 0.01 foot was used in the calculations. The components of
the final separator selected for the comparison of predesigns in Section 7 are described
below.
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Five electrodes, each made of a pair of aluminum wire screens of 0.001-foot wire
diameter with 0.01-foot symmetrical mesh spacing, a Faraday gap of 0.01 foot,
and 0. 2-foot spacing between successive electrodes, weighing about 0.5 pounds.

An aluminum cylindrical outer shell 1.5-foot diameter by 1.3-foot height by 0.050-
inch wall thickness. The shell, stiffeners, and electrode supports would weigh
approximately 12. 6 pounds.

High-voltage power supply hardware supplying 20 watts power at 56, 000 volts ac
for the hydrogen tank and 4 watts at 21, 000 volts ac for the oxygen tank, weighing
about 10 pounds.

A reversing pump with electric motor drive, about 2 pounds.
Valves weighing 3.3 pounds.
A mass-sensing device, estimated to weight 5 pounds.

Primary power supply, batteries or additional fuel cell weight.

Figure 4-6 shows one of the separators for the CSM.
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Figure 4-6. Electrostatic Field Separator, Cryogenic Service
Module Hydrogen and Oxygen Tanks
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4.3.4 General Discussion Applying to All Three Separators

4.3.4.1 Assumptions Underlying Function. The separation devices are almost iden-

tical in all respects to the total fluid control systems in that capacitance type electrodes

are used and an electrostatic field force is applied to hold a given amount of liquid be-
tween the electrodes. However, the separation devices depend upon removing liquid
and allowing only vapor to pass through the electrode Faraday gap of all the alternate
(ground) electrodes. This action has been observed in experiments conducted by Dyna-
tech on total ullage control. It is the assumption that successful "'stripping'" action and
the attendant efficiency of separation upon which attainment of function rests are possi-
ble. There are no known experimental data on the separation efficiency for such a de-
vice. It seems not unreasonable to assume that workable stripping efficiencies can be
attained if the Faraday gap is maintained small, of the order of 0.01 to 0.03 foot, and
sufficient contact area is provided.

4.3.4.2 Assumptions Underlying Design. All comments previously made in Para-
graph 4.3.2 apply. In addition, information and data are needed on the required con-
tact area for liquid/vapor separation as a function of the significant variables. Also,
a better basis of estimating two-phase pressure loss characteristics in porous-walled
channels with mass outflow through the walls is needed. Both of these areas would
require experimental tests.

4.4 FAILURES IN DIELECTROPHORETIC SYSTEMS. The following is a discussion
of some typical failures that may occur in the dielectrophoretic devices. These argu-
ments and failures apply both to total-tank-liquid control systems and to dielectro-
phoretic separators located within a tank.

a. Vapor phases generally have a lower voltage breakdown level than liquid phases of
cyrogenic fluids. During operation, the liquid/vapor separator devices will have
vapor bubbles located throughout the electrode system. Of major concern are
bubbles that may lodge between a high-potential electrode and the grounded tank
wall  Thie gan hetween 2 hizh potential clectrode and tank-wall ground is a po-
tential electrlcal—short region. The problem of shorts in this region can be
avoided by proper design, allowing a gap between the ground wall and the high-
potential electrode large enough that the field strength is very much less than the

minimum value of voltage breakdown for the vapor. For instance, in total-fluid

control systems discussed in this report, the highest voltage considered is approx-

imately 700 kv. The minimum breakdown voltage for gaseous hydrogen is 6000
kv/foot. Therefore, if the minimum distance between a high-voltage electrode and

a ground surface is kept significantly above 0. 12 foot, there should be no electrical

shorts without a structural failure.

b. Structural failure of electrodes and/or electrode supports could produce shorts
with attendant arcing. In the case of sparking in a hydrogen tank, combustion is
precluded by the absence of oxidizer. In the event of electrode shorting in oxygen
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tanks, however, there is the possibility of starting a combustion reaction between
the oxygen and metal components in the tank. Proper circuit design could allow

" for an almost instantaneous power shutoff upon the occurrence of a short. How-

ever, the system is not functionally fail safe; i.e., after such an abort the system
would no longer separate liquid from vapor and venting would have to be accom-
plished with the possibility that some liquid would be vented.

An adverse acceleration above the design value might completely empty some of
the storage regions between the electrodes and result in liquid venting and possible
termination of operation because the emptied spaces may not refill with liquid.

A failure of the pump and/or motor would terminate successful separation, since
it is necessary to pump liquid from the separator storage regions to keep them
from filling completely.
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SECTION 5
VENTING BY MEANS OF SURFACE TENSION
5.1 INTRODUCTION. The use of surface tension for control of the liquid/vapor in-

terface of propellant in a tank under a condition of weightlessness has been proposed
or considered by many writers.

In the late 1950's, when development was begun on upper stages requiring engine re-
starts after periods of orbital coast, practically nothing was known about the behavior
or control of fluids under very low accelerations. Dr. Ta Li, at that time in the Con-
vair research laboratories, predicted analytically that the stable zero-g configuration
for a two-phase wetting fluid in a spherical tank with no external heat transfer would
be a spherical annulus of liquid with the vapor ullage at the center, the configuration
for which the surface free energy is a minimum. Since that time, his analysis has
been extended to other fluids and more complicated configurations, and its validity has
been verified by several experimental programs (Reference 5-1 through 5-7).

Reynolds, et al, (Reference 5-4) has published a good summary of basic information
about liquid/vapor interfaces, particularly in low-g environments. Some of the topics
included are a basic review of capillary thermodynamics and mechanics, a summary
of current knowledge relating to the configuration and stability of capillary systems,
and a discussion of experimental simulation of low-gravity environments. The USAF
has published a number of reports dealing with expulsion, containment, and venting
systems for low-gravity applications (References 5-8 through 5-10); however, this
work is primarily devoted to systems using storable rather than cryogenic propellants.
Otto, Masica, Petrash, and Siegert have collaborated on a number of papers describing
their experimental work on liquid/vapor interface configurations, interface stability,
and transient behavior under various gravitational acceleration levels (References 5-2,
5-3, 5-7, 5-11 through 5-17). Hall (Reference 5-18) presents a design concept for a
controiicd-ullage tanlk making nse of porous materials. Clodfelter (Reference 5-5) and
Wallner (Reference 5-19) present both experimental and analytical results relating to
liquid/vapor interface configuration and control. A number of other reports are listed
in the bibliography, although those listed above are considered to be of greater signifi-
cance. Essentially all of the references reviewed during this study were concerned
exclusively with the concept of fluid orientation by means of baffles or screens, rather
than the possible use of the surface tension phenomenon to devise a smaller separator
device.

The remainder of Paragraph 5.1 will be devoted to a brief review of the concept of sur-
face tension; Paragraphs 5.2 and 5.3 will then discuss applications of the concept to
the venting problem.



It has been observed that the surface of a liquid always tends to contract to the smallest
possible area. Drops of liquid in a gas or bubbles of gas in a liquid become spherical,
the geometry for which the surface area per unit volume is a minimum. To increase
the surface area it is necessary to do work to bring molecules from the bulk of the
liquid to the surface against the inward attractive force; the work required to increase
the area by unit amount is called the free surface energy. The tendency for a liquid to
contract may be regarded as a consequence of its possession of free energy, since
approach to equilibrium is always accompanied by a decrease in free energy. As a
result of this tendency to contract, a surface behaves as if it were in a state of tension,
and it is possible to ascribe a definite value to this surface tension, which is the same
at every point and in all directions along the surface of the liquid. It may be defined
as the force acting at right angles to any line of unit length in the surface. The work
done in extending the area of a surface by unit amount is equal to the surface tension
multiplied by the unit distance through which the point of application of the force is
moved. It follows, therefore, that the surface energy is numerically equal to the sur-
face tension. Although the surface energy is probably to be regarded as the fundamen-
tal property of a surface, it is often convenient, for purposes of calculation, to replace
it by the surface tension; the equivalence of the two quantities makes this justifiable.

A consequence of the surface free energy is that the pressure on the concave side of a
liquid meniscus is greater than that on the convex side. This excess pressure is equal
to 2 0 /r for a spherical surface, where 0 is the surface tension and r the radius of
curvature of the meniscus. The familiar result that the liquid level in a small capillary
tube immersed in the liquid is different from that of the main liquid is caused by this
excess pressure on the concave side of the liquid meniscus.

5.2 VENTING BY MEANS OF TOTAL FLUID ORIENTATION. The first application
of surface tension to the problem of vapor venting in this study was to consider total
orientation of the liquid in a tank. This might be possible by installing baffles or other
surfaces within the tank to allow the surface tension forces to maintain stable inter-
faces between the liquid and vapor regions, permitting simple venting from the vapor
space.

The Bond Number Criterion has been established as a valid one for predicting regions
of hydrostatic stability of surface tension dominated configurations (References 5-14
and 5-15). This criterion for a contact angle of 0 degrees (liquid hydrogen has a zero
contact angle with practical structural metals, References 5-20 and 5-21) and a cylin-
drical container is: '

2
(P, -P)ar
L "V
< 1
o NBc )

(where py, and py are the densities of liquid and vapor, a is the acceleration, r is the
radius of the cylinder, o is the surface tension, and N is 2 critical Bond number,
the value of which must be experimentally determined , for the liquid/vapor interface
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to be stable. Application of this equation to liquid hydrogen in a 260-inch-diameter
tank gives a critical vehicle axial acceleration, for Ngc = 0.84, of 2.3 x 107 8o°
Therefore, according to the Bond Number Criterion, the vapor/liquid interface will
be unstable for any acceleration above this value. The analysis required to determine
multiple baffle configurations and spacings in a tank to allow the surface tension forces
to hold the liquid in place is more complex than the preceding application of the Bond
Number Criterion to a single cylinder; however, this example serves to illustrate the
general effect of acceleration and geometry upon the stability of an interface. It is
obvious that numerous baffles must be used in a large tank to reduce the dimensions
of an individual interface to permit even moderate adverse accelerations to be toler-
ated.

It was found that the multiple concentric cylinder or concentric cone configurations
conceptually proposed by some writers on the subject were not feasible for tanks of the
size range considered in this study because of the rapidly decreasing allowable gap be-
tween rings as the diameter increases. For example, the maximum allowable gap be-
tween successive concentric cones for which surface tension can maintain a stable
liquid/vapor interface is approximated by the following equation.

40

= (2)
map; T,

where b is the maximum allowable gap between the cone of radius r; and the next-
larger cone, and a is the disturbing acceleration perpendicular to the axis of the cones.
The maximum allowable diameter of a single cone of half-angle B is approximately
(Reference 5-10)

D = [80(008B+0.26)ll/2
apL

3)

Applying these equations to liquid hydrogen with a disturbing acceleration of 5 X 10"4go
gives the results shown in the sketch on the next page for the number of cones reyuired
to orient LH9 versus outside cone radius at the open end.

From inspection, it can be seen that a very large number of cones would be required
to orient liquid hydrogen in a large tank.

Several other geometries were considered; e.g., a tube bundle or a honeycomb struc-~
ture, but the weights were also prohibitively high. Therefore, it was concluded that
hydrogen venting by total fluid orientation is not promising in comparison with many of
the other venting methods.
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5.3 SEPARATORS

5.3.1 General Description. Atten-
tion was next given to vapor/liquid
separators in a more conventional
sense than the total fluid orientation
concept. The most promising of
several separator types considered
is represented by the schematic dia-
gram of Figure 5-1. A similar type
of separator was suggested by Hall
(Reference 5-18); however, he was
interested in obtaining a pure liquid
stream rather than pure vapor as
here. In operation, the two-phase
inlet stream shown in Figure 5-1 is
introduced to a tube or passageway
that has porous walls made of, e.g.,
a sintered metal or ceramic material.
A wetting fluid such as liquid oxygen

or hydrogen will tend to wet and eventually fill the pores of a porous material with which
it comes in contact; therefore, it should be possible to build a porous tube separator to
give any desired degree of liquid/vapor separation by making the separator sufficiently
large. In order to have liquid flow through the tube wall, it is necessary to maintain
the pressure outside the tube wall less than that inside the tube; however, the difference
must not exceed the capillary head, roughly 20 /r, where ¢ is the liquid surface tension
and r is the effective radius of the largest capillary, or there might be vapor flow
through the wall. The actual maximum permissible pressure difference across the wall
would have to be determined experimentally, since a sintered metal or similar material
has pores with neither constant size nor circular cross section, in general. As an
approximation for the predesigns, an idealized model of the porous wall was used in
which the pores were assumed to have constant area, circular cross sections.

The liquid that has passed through the porous wall, now at a lower pressure than the
tank contents, must be pumped back into the tank. The pump shown does this.

A further consideration in the design for cryogenic fluids, which would be at their boil-
ing points within the tank and, therefore, at the separator inlet, is that some cooling of
the liquid passing through the porous walls would be needed to prevent partial vaporiza-
tion and the possibility of a vapor breakthrough. This subcooled condition could be pro-
vided by throttling the vent stream to a lower pressure after passing through the porous
tube section and then using the fluid to cool the porous wall or liquid, as was done in

these predesigns generated for the comparisons.

It was found necessary to have some

liquid left in the stream leaving the porous tube in order to have sufficient heat capacity
to cool the liquid outside the tube to its saturation temperature. This had the helpful
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effect, however, of lowering the porous tube area required for liquid stripping. It
might be found, in a development program, that the assumption that no vapor can be
allowed outside the tube could be relaxed, but this would require experimental justifi-
cation,

There is a trade-off in selecting the porous material for a separator. Very small
pores are desirable to increase the maximum allowable pressure difference across the
wall; e.g., for an idealized 5-micron hole and liquid hydrogen the capillary head,
40/D, is 0.17 psia. On the other hand, the resistance to flow through the pores in-
creases much faster than does the allowable pressure difference as the pore size is
decreased, causing a net increase in the required wall area with a decrease in pore
size, Therefore, the pressure difference across the wall should be as small as re-
quired for control purposes, The maximum pore size for a hydrogen separator should
be no greater than about 5 microns to have a workable pressure difference.

Considerable study was made of the available materials from which a porous tube could
be fabricated. Ceramics were judged to be much less desirable than metals because of
strength, brittleness, and fabrication problems. Some of the available metal materials
are listed below. Perforated Products makes fine-mesh foils with minimum hole size
of 15 £2 1/2 microns. Huyck Corporation manufactures a sintered-type porous metal
called Feltmetal in which there is a considerable range of effective pore sizes; their
smallest pore sizes presently available have average pore size of 4 microns (but the
99-percentile pore-volume range extends up to 30 microns). General Electric Company
manufactures '"foametal" with smallest mean pore size in the 14-micron range. Buckbee
Mears Company makes a perforated foil with sizes down to 5 £2 micron nominal size.
Unique Wire Weaving Company makes a ""'micronic cloth with nominal rating of 3 to 5
microns." Therefore, porous metal materials with pore sizes approaching 5 microns
are already available.

5.3.2 Calculations and Results. As discussed in Paragraph 5.3.1, the pressure
difference across the porous wall of the separator passage should be as small as con-
trol requirements will allow to minimize the required porous tube area and total sepa-
rator weight. If a pressure difference of about 0.2 psia is used as this minimum, the
required porous material is slightly beyond the present state-of-the-art. However, a
sintered-metal material was postulated with the following properties, based upon mod-
erate extrapolation of existing sintered-material properties: (a) maximum effective
pore diameter of 5 microns for determining the capillary head, (b) an average effective
pore diameter of 2 microns for determining flow rates through the wall, and (c) a per-
meability with liquid hydrogen of 0.95 x 10~10 inch2 (estimated from permeability data
for air and water flowing through existing sintered metals). Further, the separator
porous walls were assumed to be fabricated of 0.030-inch-thick, 70-percent-dense
titanium sheet material.
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The quality of the inlet stream from the tank to the separator, Station 1 on the sche-
matic diagram of Figure 5-1, was assumed to be 0,1 for the S-IVB and 0.00138 for
the CSM. The maximum separator exit quality, at Station 2 of Figure 5-1, was de-
termined in each case by the required heat load to maintain the liquid stream, Sta-

tion 3, at or below the saturation temperature, The pressure at Station 4 was set at
2 psia in all cases.

The maximum allowable pressure difference across the porous wall, the capillary head
40 /D, was calculated to be 0.17 psia for the 5-micron effective maximum pore size
and liquid hydrogen. The theoretical required superficial tube wall area for liquid flow
to remove enough liquid from the inlet stream to increase its quality from the 0.1 at
inlet to the required outlet quality, was estimated from the Darcey equation:

- HQL
t KAp

where L is the porous wall thickness, K the permeability of the wall, A the theoretical
superficial tube area, u the liquid viscosity, Q the volumetric flow rate, and Ap the
pressure difference across the wall,

(4)

The actual porous wall area required would be much higher than the theoretical area
calculated above. Experimental data would be necessary to accurately estimate the
stripping efficiency of a porous wall passageway. Since no such data are available, the
total porous wall area required was estimated based on a model of the actual stripping
process for which the ratio of superficial tube area through which liquid is flowing to
the total superficial tube area in an infintesimal length of the passage is equal to the
volume fraction of ligquid at that station in the tube.

= 1-Y (5)
This can be developed to give

1-Y,
A = A zn<1 - Y2> (6)

which permits estimation of the total required porous wall area from the theoretical
area calculated from Equation 4 and the inlet and exit qualities of the vent stream.

The required area for heat transfer between the liquid outside the porous tube and the
vent fluid after expansion was calculated by standard means.

A number of configurations of the flow passages were considered. A rectangular,
multiple-pass arrangement gave the best combination of flexibility in choosing porous
wall, heat transfer, and flow cross-sectional areas, although header design would be
difficult.
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The final predesigns for the three vehicle-mission cases are summarized in Figures
5-2 and 5-3.

The principal uncertainties in the predesigns are:

a. What separation efficiency can be obtained in the porous tube as a function of tube
material and geometry, fluid properties, flow rate, etc. ? This efficiency would
have to be determined experimentally in an actual design/development study. For
the present, an approximate analysis was made to estimate the ratio of tube area
required for this stripping action to that required for flow of the liquid in the inlet
stream across the wall under the available pressure difference.

b. Can the assumed constraint that the outside of the tube wall must be kept free from
vapor be relaxed? Again, this would have to be determined experimentally. It may
well be possible to have some nominal degree of vapor flow through the wall, but
this cannot be estimated analytically.

c. Can the control problems be solved satisfactorily? This is of particular concern
in controlling the pressure difference across the porous wall and would have to be
answered with experimental results.

d. What is the actual permissible pressure differential across the porous wall? It
would likely be less than the capillary head calculated for a smooth cylindrical
pore, but actual numbers would have to be obtained experimentally for each mater-
ial of interest.
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A 8.75 IN.
8.8 FT + INSULATION
VAPOR
VENTED
OVERBOARD

4
: ‘] LIQUID AND VAPOR
LIQUID
- 2 PSIA VAPOR

" LIQUID
| 4| LIQUID
A AJ AND VAPOR
2 LIQUID
o
@'r 2 PSIA VAPOR
LIQUID AND VAPOR LIQUID PUMPED :
FROM TANK A-A BACK TO TANK
DESIGN OPERATING CONDITIONS (FOR MAXIMUM VENT RATE)
STATION NO| m (lb/hr) X T (OR) P (psia) COMMENTS
1 6700 0.10 38. 4 20 S
2 656 0.95 38.4 ~20 _
3 656 ~1.0 ~31.5 2
4 656 1.0 ~ 36 2 SUPERHEATED
VAPOR
5 6044 0.0 38.34 19. 83 SAT. LIQUID

SEPARATOR HAS 8 PASSES

MAX, REQUIRED POWER INPUT TO PUMP MOTOR = 210 WATTS

AVG, REQ'D POWER INPUT TO PUMP MOTOR = 153 WATTS

AVG, CHANGE IN BOILOFF RATE FROM BASE CASE OF 667 LB/HR OF 20 PSIA
SATURATED VAPOR = - 5.9 LB/HR

TOTAL SYSTEM WEIGHT (WITHOUT PUMP, VALVES, OR POWER SUPPLY = 182 LB

Figure 5-2. Summary of Surface Tension Separator Predesign
for Mission/Vehicle Cases I and II
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VAPOR VENT@
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LIQUID AND VAPOR
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2 PSIA VAPOR
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+ INSULATION

LIQUID PUMPED
BACK TO TANK

{

@ {

DESIGN OPERATING CONDITIONS (FOR MAXIMUM VENT RATE)

STATION NO,| m (lb/hr) X T CR) P (psia) COMMENTS
1 725 0.00138 38.4 20 —
2 1.196 0.65 38.4 ~ 20 _—
3 1.196 ~0.76 ~ 27 2
4 1.196 1.0 ~ 37 2 SUPERHEATED
VAPOR
5 723.8 0.0 38.34 19.83 SAT, LIQUID

SEPARATOR HAS 1 PASS

MAX, REQUIRED POWER INPUT TO PUMP MOTOR = 12.9 WATTS

AVG, REQUIRED POWER INPUT TO PUMP MOTOR = 9.2 WATTS

AVG. CHANGE IN BOILOFF RATE FROM BASE CASE OF 0.5 LB/HR
OF 20 PSIA SATURATED VAPOR = + 0.145 LB/HR
TOTALSYSTEM WEIGHT (W/O PUMP, VALVES OR POWER SUPPLY) = 16.5 LB

Figure 5-3. Summary of Surface Tension Separator for
Mission/Vehicle Case III
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SECTION 6
OTHER SEPARATION METHODS

A number of other separation concepts might be considered in addition to those pre-
viously discussed in Sections 2 through 5. Several of these considered during the study,
but not studied in detail or included in the comparisons of Section 7, are briefly de-
scribed in this section.

6.1 FLUID ROTATION. This concept considers the rotation or vortexing of part of
the fluid in a storage tank, rather than rotation of the entire tank and contents, which
has also been proposed as a solution to the venting problem. The latter method would
be relatively undesirable because of the effects upon vehicle control, the long time in-
tervals apparently required for start-up and shutdown, even with baffles, and the possi-
ble adverse effects on personnel.

Consider the rotation of fluid in a cylindrical chamber, as sketched in Figure 6-1, such
that the fluid motion describes a helical path on the inner wall of the chamber. This
motion could be established by pumping fluid tangentially into a cylindrical chamber
having an annular exit for the liquid at one end of the chamber and a core vent for the
gas at the other end of the chamber. An alternate configuration that would have the
potential of operating even with zero inlet quality fluid would be identical to that shown
in Figure 6-1 except for relocating the pump in the liquid return line. In this case, the
chamber pressure would be maintained low enough to both flash part of the fluid (e.g.,
zero-quality, 20-psia fluid expanded to 5 psia at constant enthalpy would have a quality
of about 0.05) and produce the velocity needed for separation.

VAPOR TO VENT

LIQUID AND VAPOR
IN FROM PUMP

LIQUID RETURN TO TANK

Figure 6-1. Vortex Tuhe Vapor/Liquid Separator Concept
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A brief analysis of such a device as a vapor/liquid separator was made, based on
several assumptions: (a) the elemental flow cross-sectional normal to the path of the
helix is assumed to be rectangular with area ratio of two; (b) the required cross section
of the core is estimated from the vent flow rate (but would need to be determined ex-
perimentally); (c) the fluid is pumped using a motor/pump combination having an effi-
ciency of 0.6; and (d) only two 360-degree vortices are required for separation (ex-
perimental results are required to establish the actual requirements). Parametric
results for the estimated required pump input power versus diameter of the vortex
chamber are shown in Figure 6-2 for two inlet fluid qualities to the system, X = 0 and
0.1, and two locations of the pump, at the inlet to the system and in the liquid return
line. For the latter pump location, the chamber pressure is set at 5 psia to flash part
of the incoming fluid and give the possibility of operation even with zero inlet quality.
The configuration with the pump at the inlet could not operate with zero quality inlet
unless it were modified to have a reduced chamber pressure, also.

100 PUMP AT LIQUID OUTLET,’
INLET X = 0

T rTrrTy

L
o

N_PUMP AT LIQUID OUTLET,
10 INLET X = 0.1

LA BLALAL

T 1
S

1 \‘P%IIMP A'll‘ INLET,
INLET X = 0.1

TTETT0

REQUIRED PUMP INPUT POWER (hp)

01 il A L L L L L Ll L1 1 Ll L) Ll Ll
.

0 2 4 6
CHAMBER DIAMETER (ft)

Figure 6-2. Required Pump Input Power Versus Chamber Diameter
for Vortex Tube Vapor/Liquid Separator
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It can be observed from Figure 6-2 that the power requirements for the two cases with
the pump located at the liquid outlet are high, with the assumed chamber pressure of 5
psia. The required power could be reduced by increasing the chamber pressure, but
this increase would eventually restrict the operation with zero quality inlet fluid. The
required power for units with the pump at the inlet is moderate with the assumptions
implicit in the bottom curve of Figure 6-2; however, since these cannot operate with
zero quality inlet they cannot be directly compared with those represented by the top
curve, The power requirement for the inlet pump configuration would be always high-
er than that for the liquid outlet pump configuration if both expanded the incoming fluid
across the same pressure difference in order to permit design for zero quality inlet
fluid.

This concept would be an attractive one if experimental work could satisfactorily resolve
the unknowns such as: required chamber size and geometry for separation, actual power
requirements for given chamber and fluid conditions, and the question of how to control
the system, especially with changes in inlet quality (note, e.g., that the mass flow rate
of liquid hydrogen through a fixed restriction is about seven times as high as that for
gaseous hydrogen). The system would be a relatively simple one, if it could be develop-
ed to work and operate without requiring complex controls. Although this system was not
considered until late in the study, it seems to warrant further work, including explora-
tory tests which could initially be done with wet steam. Additional study of this concept
is continuing,

6.2 HYDROGEN SUBLIMATOR. One of the separation concepts considered was the
"hydrogen sublimator,' which would be similar to the porous plate water sublimators
or boilers that are under development for cooling of electronic equipment and might
properly be considered as merely a variation on the heat exchange concept already
discussed in Section 2. Although it was concluded that this concept is not attractive
with hydrogen as a fluid and with present knowledge, brief descriptions of the method
and critique are given below.

The theorized sublimator device would consist of a porous wall exposed on one surface
(internal to the tank) to tank fluid and on the other to a pressure below the triple-point
pressure of hydrogen. The operation might proceed as follows, borrowing from the
description of the operation of the water sublimator given in Reference 6-1, although
the actual mechanism of operation of the water sublimator has not yet been determined
(Reference 6-2). Hydrogen would flow partially through the porous plate until it drops
below the triple-point pressure and freezes. By circulating tank fluid along the inner
surface of the porous tube, which would have a reduced temperature due to the cooling
within the wall, heat could be removed from the bulk fluid. This heat would then be
transferred through the wall and result in propellant sublimation at the external surface.
Circulation of the tank fluid could be accomplished with a simple pump.

The potential advantages claimed for the water sublimator as compared with a con-

ventional plate and fin water boiler are primarily that the sublimator system: (a) re-
quires fewer controls, and (b) has a lower total system weight effect, but perhaps higher
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hardware weight, than a conventional boiler system (References 6-1 and 6-3). However,
the controls required for a hydrogen sublimator venting system would seem to be more
complex than those needed for a plate and fin exchanger. The sublimator system would
have to include shutoff and flow modulating valves to shut off the device on the ground
and to regulate the vent flow to maintain the desired tank pressure band. Also, there
would probably have to be very precise control of the pressure difference across the
porous wall during system start-up to build up the required solid hydrogen plug. If the
pressure difference across the porous wall exceeded the capillary head, there could be
vapor blow-through and a stable plug might never be established. This capillary head,
as discussed in Section 5, is very small for hydrogen; e.g., a 5-micron hole with cir-
cular cross section could not support a head of greater than 0.17 psia. A porous
material with maximum pore size of 5 microns is beyond the present state of the art.
The potential advantage of lower total system weight for the sublimator system as com-
pared with a conventional exchanger does not seem realizable for the hydrogen venting
application, either. A weight comparison of water boiler systems that have been de-
veloped lists exchanger weights of 48.1 and 35.0 pounds for the porous plate and plate-
and-fin (P/F) exchangers respectively (Reference 6-1). The total water boiler system
weight listed for the porous plate system was smaller than for the P/F system, but
only because of the greater water carryover allowance required for the latter system.
There is no analogous requirement in the present hydrogen venting system; therefore,
it is concluded that a porous wall exchanger would probably be heavier than a compar-
able plate-and-fin exchanger as described in Section 2.

In summary, there were found no advantages and several disadvantages of the hydrogen
sublimator as compared with the ""conventional' heat exchange system of Section 2.
Therefore, the sublimator was not included in the comparisons of Section 7.

6.3 MAGNETIC POSITIONING. Magnetostatic systems utilize a magnetic field to
produce a force on a liquid volume. A liquid element in a non-uniform magnetic field,
whether produced by a permanent magnet or electromagnet, will tend to move to a
region of increased field strength if it is a paramagnetic fluid or to a region of de-
creased field strength if it is a diamagnetic material. This movement of liquids in
magnetic fields, sometimes called magnetophoresis, has been used in the design of
several instruments for measuring magnetic susceptibility (Reference 6-4).

Reference 5-8 concludes that for the unusual case of liquid oxygen, which is a para-
magnetic liquid, a static magnetic field might be considered for propellant localization,
but that even for oxygen, the weight penalty prohibits its use for any but very small
amounts of propellant. The specific volume magnetic susceptibilities (defined as

Sm = (e/ €,)-1, where € and €, are the magnetic permeabilities of the liquid and of free
space respectively) of hydrogen and of oxygen are -1.89 X 10~7 and 2. 86 x 10~4 respec-
tively (Reference 5-8). The magnetostrictive pressure exerted on a liquid by a mag-
netic field is directly proportional to Sm.

Magnetic positioning was, therefore, not included in the venting system comparisons
of Section 7.
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SECTION 7
COMPARISON OF SEPARATORS

Separator systems representative of each of several separation Phenomena have been
predesigned for three vehicle/mission cases, as described in Sections 2 through 6.
Several of the separation methods initially considered (magnetic positioning, vehicic
rotation, hydrogen sublimator, and a vortex tube) were judged to be unsuitable for
cryogenic propellants or unattractive relative to the four Systems: heat exchange,
mechanical, dielectrophoretic, and surface tension separators; therefore, the former
group of separators are not included in the comparisons of this section. The ground
rules describing each vehicle/mission case are given in Paragraph 7.1, foilowed by a
discussion of the selection criteria and their evaluation in Section 7. 2, and, in Section
7.3, the comparison of the predesigned separators and selection of the most promising
Separator for tank venting.

7.1 DESCRIPTION OF VEHICLE /MISSION CASES. There were three cases used for
comparison and evaluation of the separation methods, designated as Cases I, II, and
I11.

Cases I and II were similar. They both assumed the present S-IVB stage with one
4-1/2-hour coast and the configuration and background information about the stage
Summarized in Figure 7-1. Case I assumed the further requirements that the sepa-
rator system should augment the effect of the present settling rockets, which are
presently designed to provide a minimum acceleration of 2 x 10-5 g, during the bulk of
the 4-1/2<hour coast period, and that it should be relatively simple. Case II, however,
had no similar constraints.

Case IIl was to be a typical multi-restart, relatively small, cryogenic stage with long
coast periods. A possible configuration for a Cryogenic Service Module (CSM) con-
figuration was assumed. Tt= deceripticn plus viber background assumptions are given
in Figure 7-2.

7.2 SELECTION CRITERIA AND THEIR EVALUATION. The criteria selected for
the final comparison of separator predesigns are given below.

a. System hardware weight -- consists of weight of all hardware components such as
basic separator, valves, pumps, and power conversion and storage equipment.
Ratings are given as equivalent pounds of payload decrease caused by the additional
hardware, using the method of calculation presented in Appendix E.

b. Change in weight of vented propellant -- contains the effects of change in the exit
enthalpy of the vented propellant as compared to the base case of saturated vapor

at 20 psia, and any additional external energy dissipated in the tank, e. g., power
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Sketch of S-IVB tanks

LH LO

—+ 260-in. DIAM. + +

|--—178 in,—e

—-— 525.5 in. -

Total volume of hydrogen tank is approximately 10,450 ft3.

Total volume of oxygen tank is approximately 2830 ft3.

Tanks are 70-percent full at start of coast period.

Single 4-1/2-hour coast period.

External heat input is 567,000 Btu during 4-1/2-hour coast.

Nominal tank pressure is 20 psia.

Hydrogen vent rate range is 0.06 to 0.35 lb/sec (0.35 lb/sec used for system sizing).
Design inlet quality to separator system is 0. 10.

Maximum disturbing acceleration during coast period is 5 x 10~ gy

Maximum disturbing acceleration for determining propellant slosh loads is 1.6 X 10-2g0.
No venting of oxygen is required.

Base payload weight is 90, 000 pounds.

Figure 7-1. Vehicle and Mission Ground Rules Common
to Both Cases I and I

7-2




Tank sketch
260-in, DIAM.

150 in,

2
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Note that there are two hydrogen tanks, each containing 2500 pounds of hydrogen
initially, and two oxygen tanks, each initially containing 12500 pounds of oxygen,

Tanks are 95-percent full at start of 205-hour mission: ullage fraction versus time is
shown below.
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External heat input is 19,370 Btu to each of the two hydrogen tanks (average rate of
94.5 Btu/hr) and 9225 Btu to each of the two oxygen tanks (average rate of 45 Btu/hr).

Maximum vent rate (used for system sizing) is 1 lb/hr for each of the four tanks.
Nominal tank pressure is 20 psia.

Design inlet quality to hydrogen tank separator system is 0,00138 (corresponds to
initial 5-percent ullage).

Figure 7-2. Vehicle and Mission Ground Rules for
Czse III, Cryogenic Service Module
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from batteries to drive a pump. The payload penalty resulting from additional
propellant venting varies during the mission for Case III. In all cases, the payload
loss per pound of added hardware is different than the loss per additional pound of
propellant vented. The method of calculation presented in Appendix E was used to
put the comparisons on a common basis of payload change. Tables 7-1 and 7-2
summarize the hardware and vent weight changes for the four major separator
systems.

Relative failure rate of system components -- incorporates the results of a statis-
tical failure analysis on the components of each separator system, considering the
number, operating time, and generic failure rate of each component. Results for
the four major separator systems are given in Tables 7-3 and 7-4. These numbers
should not be considered as absolute reliability numbers, but are judged to be mean-
ingful for comparisons between the separators.

Current feasibility of successful system operation -- defined as a measure of the
extent of the uncertainties of developing a successful operating system in the light
of present knowledge, as distinguished from the availability of information that
would be needed for design. There has been an appreciable amount of experience
and testing of the principal components in a mechanical or heat exchange system.

In the case of the dielectrophoretic and surface tension separators, such devices
are new and almost completely untested applications of concepts that are fairly well
understood; therefore, these two separators were given lower ratings (higher nu-
merically in Tables 7-5 and 7-6 in Paragraph 7. 3) than were the mechanical and
heat exchange systems. The use of dielectrophoretic or surface tension forces to
orient the total tank contents would be more feasible than their use in a separator,
but would result in greatly increased weights. The mechanical separator was rated
lower (higher numerical rating) than the heat exchange system principally because
of the unknowns in moving the vapor ullage bubble to the separator -- a require-
ment for venting which is not necessary for the heat exchange system. Quantitative
ratings were not estimated for this criterion or the following three criteria because
it was felt that this would give a distorted representation of the precision of relative
ranking on these criteria, which must necessarily be evaluated qualitatively.

Availability of design data -- intended as a measure of how much of the data neces-
sary to design a system in detail are available and/or how adequate the existing
data are. Again, because of the experience and testing of components included in
the heat exchange or mechanical separator systems there is a moderate amount of
design data available. The dielectrophoretic and surface tension separators in-
volve new and essentially untested applications of more familiar concepts; there-
fore, very little design data are available.

Performance of system in 100-percent liquid -- the heat exchange system is the
only one of the four which could continue to vent vapor from an inlet stream of
100-percent liquid and, therefore, was given the best rating on this criterion; the
other three separators vary in their ability to interrupt venting during such a time
to minimize the loss of liquid. An electric-motor drive with a load-sensing switch
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and shutoff valve could conveniently be installed in a mechanical separator system
to minimize liquid loss through the vent system; however, venting would have to

be interrupted during liquid inundation, Similarly, a liquid position control device
could probably be designed for a dielectrophoretic separator; however, this would be
more complex than the control for the mechanical separator. No practical way to
interrupt the vent flowduring periods of 100-percent liquid inlet flow to the surface
tension separator was devised; therefore, it was given the lowest (highest numeric)
rating on this criterion.

g. ''Complexibility' -- a measure of the complexity of the system and the difficulty
and/or cost of development to a successful operational status. It includes some
of the factors considered in criteria (c) through (f) plus qualitative estimates of
the difficulty and cost of technology and system development.

7.3 SELECTION OF MOST-PROMISING SEPARATOR. The comparative ratings

of the predesigns for the four major types of separators on each of the preceding seven
criteria are summarized in Tables 7-5 and 7-6. These ratings are based upon the pre-
design work of Sections 2 through 5 and the evaluation as discussed in Paragraph 7. 2.

It was recognized that the final rating technique and relative weighting of the criteria
could materially affect the comparison and selection of the separator systems. Criteria
(d) through (g) of Paragraph 7.2 were judged to be of considerable importance, and
criteria (a) through (c) of relatively less importance, as established between Convair
and the NASA Project Manager. Various rating techniques (additive, multiplicative,
Thurstone-Mosteller) were considered for applicability and objectivity, but were later
found to be not required for the selection, as described below.

Inspection of Tables 7-5 and 7-6 reveals that the dielectrophoretic and surface tension
devices are consistently poorer than either the mechanical or heat exchange separator
systems, regardless of the relative weighting of the criteria. Therefore, it was con-
cluded that these separator systems are considerably less promising than either the
mechanical or heat exchange separators for all three vehicle/mission cases.

The choice of the heat exchange system as the most promising separator system was
clear-cut in Cases I and II, for which it was rated best or approximately equal to the
best of the separators on every criterion. The choice for Case III was less incisive;
however, placing relatively less importance upon weight and failure rate than upon the
other four criteria led to the choice of the heat exchange system for Case III also.
However, this is not meant to suggest that the other separation systems might never
be of value in other applications and/or if other propellant control functions in addition
to venting were required.

In summary, we conclude that the heat exchange venting system is the most promising
one for the three vehicle /mission cases considered in this study.
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SECTION 8
STUDY OF HYDROGEN HEAT TRANSFER DATA

Preliminary work on sizing the hydrogen heat exchanger disclosed an apparent lack of
good data for hydrogen heat transfer, particularly in forced convection boiling and con-
densation. A thorough literature search was therefore made to establish the best data
and calculation techniques for use in this study. Paragraph 8.1 describes the results
of the literature search. Paragraph 8.2 presents the selected data and equations used
in this study. The details of the heat exchanger sizing procedure and calculations are
given in Paragraph 8.3.

8.1 SURVEY OF EXISTING INFORMATION

8.1.1 Flow and Heat Transfer Regimes. As a start, the possible flow and heat
transfer conditions within the exchanger were described and the limiting conditions
identified as far as possible. This provided direction to the literature search.

The tank fluid passing through the hot side of the heat exchanger can be all liquid, all
vapor (saturated or superheated), or any combination between. The selected installa-
tion at the top of the tank and retention of the continuous axial thrust venting system
will tend to provide mostly vapor to the exchanger, but the design concept requires that
it operate satisfactorily even when submerged in liquid. With pure vapor at the inlet
the heat transfer will be by condensation. Increasing liquid percentage will change the
transfer mechanism at the wall to one of cooling the liquid, with the vapor content
tending to condense into the subcooling liquid and maintain a higher overall AT. Pre-
liminary calculations indicated essentially equal heat transfer coefficients for the all-
liquid and all-gas situations, but with the all-liquid case tending to set the heat ex-
changer size because of the inlet design selected. This is because the flow direction
reversal at the vent path inlet (cold side) in the common inlet header tends to give an
equal or greater percentage of vapor in the cold side than in the hot side. Thus, with
a high vapor percentage in the hot side, the equal or greater vapor percentage in the
cold side requires relatively little heat exchange to assure all vapor to the turbine/
vent. Accordingly, the greatest interest in heat transfer data for the hot (tank) side
of the heat exchanger was directed toward liquid flow. Data on gas flow (condensation)
were of interest primarily to permit parametric analysis of heat exchanger perform-
ance across a range of inlet conditions.

The vent fluid leaving the tank is throttled to a lower pressure of about 6 psia before
entering the heat exchanger. The fluid entering the throttling valve can range from all
vapor to all liquid, but the throttling process flashes-off a percentage of any liquid and
assures at least part vapor at the inlet to the cold side of the exchanger. With all




saturated liquid entering the throttling valve at 20 psia, for example, the exchanger
inlet receives 7-percent vapor by weight or 90~percent by volume. Subcooled liquid
would reduce these percentages, but the only source of subcooled liquid is the discharge
from the other side of the exchanger, and it is not sufficiently subcooled to preclude
significant vapor formation. The flow into the cold side of the exchanger can thus range
from all vapor, perhaps slightly superheated, to saturated two-phase flow. The heat
transfer will be by forced-convection boiling when liquid is present, and this is the
design-controlling situation because vapor at the inlet requires relatively little heat
exchange. Heat transfer to superheated vapor is still of interest, though, because
some superheat is required if the vent gas leaving the turbine is to have the same en-
thalpy as 20-psia saturated vapor (the baseline used for performance evaluation). Heat
transfer data were accordingly sought for forced-convection saturated boiling and for
superheated vapor (gas).

Since the heat exchanger will operate at low or zero gravity, data were sought on the
effect of gravity on heat transfer for each of the situations discussed above.

8.1.2 Boiling Heat Transfer

Pool Boiling. Boiling heat transfer was the area of most intensive data search because
of the scarcity and uncertainty of data. The subject is best approached by discussing
boiling without forced convection (pool boiling), then covering the effects of forced con-
vection, and finally considering the effects of reduced gravity.

If a heated surface (plate, rod, wire, ribbon, etc) is placed in a body of liquid and the
heat flux per unit area of heater surface is gradually increased (such as by increasing
the current through an electrical heating surface), the heater surface temperature will
increase in a manner shown by Figure 8-1.

At low heat flux the heat transfer will be by natural convection without boiling. Even

if the liquid is saturated, boiling does not occur because natural liquid convection cir-
culates the heated liquid away from the heater before it attains a sufficient level of
superheat to form bubbles. (Superheat must be great enough to overcome surface ten-
sion effects before vapor bubbles can form.) Heat balance in the case of saturated liquid
occurs by evaporation at the liquid surface (normal gravity). As the heat flux is in-
creased into Region II of Figure 8-1 boiling begins at a limited number of favored sites.
(Surface cavities or irregularities serve as nucleation sites for vapor bubbles, and
boiling starts first at those sites of most favorable configuration.) Some of these initial
vapor bubbles may escape and rise to the liquid surface, but most will collapse as they
leave the superheated region around the heater, particularly if the liquid is subcooled.
As the heat flux is further increased into the nucleate boiling Region III, larger and
more numerous bubbles will form and rise to the liquid surface. If the liquid is sub-
cooled the bubbles will collapse upon leaving the heater surface, but the curve in Region
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CRITICAL HEAT FLUX

LOG q/A

LOG (Ty, - Tg)

Figure 8-1. Typical Pool Boiling Curve

III will be the same provided AT is defined as (T ~Tg) where T, is heater surface
temperature and Tg is the saturation temperature corresponding to the existing pres-

sure. This vigorous boiling of subcooled liquid is called surface boiling or local boiling.

As heat flux is increased in Region III, a peak is reached that is called the critical heat
flux or burnout heat flux. This occurs when vapor formation has become so vigorous
that it begins to blanket the surface and prevent adequate contact with liquid. An un-
stable Region IV marks the transition to Region V where stable film boiling occurs. In
Region V the heater is surrounded by a vapor film and heat transfer is through the film.
This results in rednced heat trancfer unless heater temperature is raised nigh enough
for radiation to become the predominant mode of heat transfer. It should be noted that,
with a heater providing relatively constant heat flux, as the critical heat flux in nucleate
boiling is exceeded the wall temperature must climb high into the film boiling region to
support a higher flux. The high temperature involved frequently causes physical burn-
out of the heater, which accounts for the use of "burnout" as an alternate name for the
critical heat flux. The term does not necessarily connote a physical burnout.

Film boiling will not be of interest for the temperature differences occurring in the
heat exchanger in this zero-g separator study. Further discussion of Region III (nu-
cleate boiling) in pool boiling is justified, however, even though the heat exchanger will
employ forced convection. The reason for this will become clear when forced con-
vection boiling is discussed later.
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Nucleate pool boiling is employed in steam generation and various chemical processes,
accounting for much of the experimental research in this field. Liquid hydrogen pool
boiling research at standard and zero gravity has been prompted in recent years by the
need to predict propellant tank heating on earth and in orbit. Data interpretations for
hydrogen boiling have generally relied upon correlation methods derived earlier for
water and other non-cryogenic liquids. These correlations have usually been obtained
by a combination of dimensional analysis and experimentation. This has been necessary
because the physical mechanisms are not sufficiently well understood to permit a com-
plete mathematical description. Instead, theories on the physical mechanisms have
provided a basis for selecting the most significant parameters and dimensionless groups,
and for defining and relating these groups. Experimental data have then provided the
unknown constants and exponents to complete the correlations. Most theories attribute
the high heat flux in nucleate boiling to various types of stirring, agitation, pumping,

or microconvection of the liquid near the surface by the vapor bubbles, rather than by
the heat being transported away in latent heat of the vapor. This belief has been largely
based on the work of Jakob (Reference 8-1), Gunther and Kreith (Reference 8-2), and
Rohsenow and Clark (Reference 8-3). Since the heat is assumed transferred to the
liquid by this convective action, most of the proposed pool boiling correlations have
taken the Dittus-Boelter approach for turbulent forced convection and are of the form

B a b
Ny y = constant (Re) (NPR) (1)

where the physical properties are those of the liquid and lengths are characteristic
bubble dimensions. The correlations differ primarily in the use of different bubble
dimensions and Reynolds number definitions because of differences in the assumed
physical mechanisms. Rohsenow (Reference 8-4) derived the correlation

i( o >1/2= 1|ama/ o >1/2 SR "
k, \&(g -0y Cor | 4y, hfg\g (py, - Py PR

where the constant, CSf’ must be experimentally determined for each surface/liquid
combination. Kutateladze (Reference 8-5) obtained

1.5 1.282 1.75
°L kL Py P 2.5
A = constant T 3
q/A = constan <h o ) 0506 o0.626 )T @)
fg"Vv o H
L
where the constant is 4.87 X 10-11 when metric units are used. (Equation 3 presents

the correlation in a rearranged form which is no longer dimensionless.) Engelberg-
Forster and Greif (Reference 8-6) derived, for heat flux in Btu/hr-ftz,




acp, T 1/4/p,. \5/8 1/3
B -5 LS 1/2 L uC 2
a/A = 4.3 %10 1/2 3/2 (CTqa ") <-u—-> <T> Ap~ @)

(hfg pV

Labountzov (Reference 8-7) obtained

Cp
h 0.
—_— ——L— oT_, = 0.125 Re 65N 1/3 (5a)
kL h 2 S PR
byt
-2
for Re >10 ~, and
Cp
h .
-_— L o TS = 0.0625 Reo 3 NpRl/3 (5b)
L (o hfg)
-2
for Re <10 ~, where
[o] Cp. oT
_ "L gq/A L S
Re = m > (5¢)

h
L vl (oy by )

All of these correlations are fairly successful as will be illustrated shortly. But it
should be noted that they are based on convection analogies and assume latent heat
transport to be negligible. Recent work by Bankoff (Reference 8-8) and Rallis and
Jawurek (Reference 8-9) indicates that latent heat transport actually might frequently
account for most of the heat flux, and perhaps mass transfer models would be more
appropriate for correlations.

Hydrogen pool boiling data taken from several sources and compiled by Brentari and
Smith (Reference 8-10) are shown in Figure 8-2. The above correlations (Equations 2
through 5) are shown in Figure 8-3 for comparison, partly taken from Zuber and Fried
(Reference 8-11). Cg¢ in the Rohsenow correlation is taken as 0.0147. It can be seen
from these figures that the Kutateladze correlation represents a reasonable average of
the available data, and that the other three correlations do not differ greatly from that
of Kutateladze. Other correlations also exist, but differ by greater amounts from the
average of the data.

The spread of data in Figure 8-2 is rather large, weakening the confidence that can be
placed in predictive calculations based on it. Some of the spread is due to inevitable
experimental error, aggravated by the small AT that must be measured. At least part
of the spread, however, is presumed to result from differences in heater material and
surface finish variables that have long been recognized as significant but resistant to
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Figure 8-2. Experimental Nucleate Pool Boiling of Hydrogen at ~ 1 Atmosphere
Compared With the Predictive Correlation of Kutateladze

analysis or control (Reference 8-12 through 8-15). None of these hydrogen tests
used aluminum, which is unfortunate because it is the most likely choice for hydrogen
heat exchangers.

Forced Convection Boiling. Forced convection boiling within tubes or heat exchanger
passages introduces progressive vaporization and two-phase flow to the problem. To
visualize the situation, consider a subcooled liquid entering a tube whose wall receives
a constant heat flux (electric resistance heated). Figure 8-4 illustrates the wall and
temperatures that will occur, as follows.

a. Non-boiling forced convection of liquid.

b. Boiling of subcooled liquid, bubbles recondense (sometimes called surface
boiling).

¢. Saturated boiling with wetted wall (sometimes called bulk boiling). The fluid is
100-percent liquid at the beginning of Region C, and progressively vaporizes as
it moves toward Region D. The vaporization at a constant mass flow rate requires
a velocity (and momentum) increase to maintain continuity, and this comes at the
expense of static pressure. Fluid saturation temperature also must drop to cor-
respond to the lower static (saturation) pressure, which accounts for the tempera-
ture decrease across Region C. The heat exchanger in this study operates entirely
in Regions C, D, and E because the inlet vent flow is already saturated and at
least 7-percent vaporized at the exchanger inlet.
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Figure 8-4. Forced Convection Boiling - Constant q/A

Transition to dry wall. A point is reached where so much of the liquid is vapor-
ized that the wall is no longer kept wet, and a transition to gas forced-convection
heat transfer occurs. The heat transfer coefficient is much lower for gas forced
convection than for boiling, so the AT between wall and fluid increases for con-
stant heat flux. This transition is similar to the "burnout' that occurs in pool
boiling at the critical heat flux, as vapor blankets the heated surface. With suf-
ficiently high heat flux, Regions A, B, and C can be eliminated in forced convec-
tion and the entire vaporization can occur by forced-convection film boiling.

This will not occur in the heat exchanger in this study, however, because the
situation is more like constant wall temperature than constant heat flux, and the
AT is low. It is expected that vaporization will be 80- to 90-percent complete
before Region D occurs.

Dry wall, or gas forced-convection heat transfer. It may help to view the situ-
ation from a constant wall temperature approach as shown in Figure 8-5 rather
than a constant heat flux approach, since this is a little closer to what occurs in
this heat exchanger. Region A of non-boiling forced convection will generally
be eliminated, but it could be greatly extended. Referring back to Figure 8-4,
note that boiling began when Ty, rose to a sufficient margin above Tg. For the
constant wall temperature case this rise in Ty, is eliminated, so that T, must
either be high enough to initiate boiling immediately or else wait for pressure
drop to reduce Ty sufficiently. Boiling Regions B and C are regions of very
high heat flux, as will be discussed shortly. The heat flux is proportional to
approximately the 2.5 power of (Ty, - Tg) so that it increases through Region C
as pressure drop reduces Ts' A transition to dry wall, Region D, again occurs.
Heat flux may diminish an order-of-magnitude or more in Region D, a fact that
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Figure 8-5 does not disclose. The vapor superheats in Region E, asymptotically
approaching T, while the heat flux approaches zero.

B C D E
g
< Tw
ot
= T
% 1l
———= — T
= o= ==
3 /QF _________ s_
ENTRANCE EXIT
LENGTH

Figure 8-5. Forced Convection Boiling, Constant Tube Temperature

When the problem is approached from the standpoint of plotting heat flux versus (T, -
T s) » forced convection boiling has been observed to yield curves that are similar to
pool boiling curves at high heat flux and non-boiling forced convection at low flux.
This has led to four similar heat transfer estimation techniques shown in Figure 8-6
as summarized by Bergles and Rohsenow (Reference 8-16). They are seen to differ
mainly in definition of the transition region. (This is the transition from Region A

to B of Figure 8-4.)

Bergles and Rohsenow added another technique of their own for identifying the point
of incipient boiling and defining the transition. More important, they offered experi-
mental evidence that the forced convection boiling curve is not identical to the pool
boiling curve and urged that degions be based vu aciual forced convection boiling data.
For preliminary estimates, however, they did not offer anything better than using
pool boiling data.

Bergles and Rohsenow clearly limit their discussion to surface boiling, Region B.
Others (Reference 8-11), including some of the originators (Reference 8-6), consider
the procedures of Figure 8-6 to be applicable to much of Region C also. But the
attention of most authors has been focused on Regions A and B, even if they do not
clearly indicate so. This is evident from the slope of the forced convection portions
of the Figure 8-6 curves. A log-log plot of forced convection for Region C has a
slope of approximately 45 degrees, but Region A subcooled forced convection gives
flatter slopes such as shown in the figure. This arises from the approximate direct

proportionality of forced convection heat flux to AT (neglecting fluid property changes
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Figure 8-6. Procedures for Estimation of Heat Transfer With Forced-
Convection Surface Boiling

with temperature). This AT is (Ty - Tg;) for Regions A and B, but (T, -Tg) for
Region C. Some doubts are thus raised as to the applicability of the forced convection
portions of Figure 8-6 to Region C and the heat exchanger in this study, since the pro-
cedures were developed for a different situation. Reiterating the discussion, the
forced convection portion of Figure 8-6 applies to Region A of Figure 8-4 where no
vapor is generated. The transition of Figure 8-6 applies to the transition from
Region A to B and can result either from an increase in the heat flux, or from the
rise in Ty as the fluid progresses down the tube. The steep boiling portion of Figure
8-6 then applies to Region B where bubbles form but recondense, and continues to
apply well into Region C. In contrast, the heat exchanger in this study never exper-
iences Regions A and B, since Region C exists at its entrance. The boiling curve
probably is applicable if the heat flux is high enough, and the Region C data of Walters
(Reference 8-17) substantiate this by showing close agreement with hydrogen pool
boiling data. But what if the heat flux is low enough that Figure 8-6 indicates the
forced convection curve should be used? In spite of the obscurity of the literature on
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this point, it was concluded that the procedure of Figure 8-6 should still be applicable
provided that vapor generation effects on convective velocity be accounted for. The
physical situation is envisioned as analogous to Region I of Figure 8-1, with the liquid
flowing along the wall without boiling but being superheated slightly. A central vapor
core would exist and grow as superheated liquid evaporated into the core.

The forced convection heat transfer should be calculated from the Dittus - Boelter
equation,

hLD o023 29 0.8 C_/'_‘_' 0.4 3
k - . p’ k ()

The boiling curve should be taken from test data or one of the correlations for the
appropriate pressure. The transition should be calculated by Bergles and Rohsenow's
method. First a line of incipient boiling is found by an iterative graphical technique.
The equation
= (T. T R_/h In (1 + T +T 7
T, (st/fg)n( 2o/pL) s (7)

is plotted versus r for a given Tg to relate bubble size, r, to its vapor temperature
and pressure. It is assumed the bubble will grow if

dT daT

L \%
= ——— T emt—— = 8
TL TV and &y at y r (8)

where Ty, is liquid temperature at a distance y from the wall, approximately defined
by

_ - () X
TL - Tw (A) k ©)
The heat flux relations

L
q/A = —kL Ty- = h (TW—TS) (10)
also govern, where h is given by Equation 6. This permits iterative plotting of Ty,
versus y and Ty versus r to find points of tangency satisfying Equation 8. A line
of incipient boiling, such as shown in Figure 8-7, is thus determined. The transition
from forced convection to boiling is estimated by the following interpolation formula
defining q/A at any (T, - Tg)-
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(11)

(a/A) (a/A)_.
q/A = (q/A)FC 1+ B < Bl)

—_— (] - —
(q/A)FC (q/A)B

where (q/A)FC is taken from the extrapolated forced convection curve, (q/A) g from
the extrapolated boiling curve, and (q/A) Bi is read from the (q/ A)p curve at the
(Tw - Tg) where the incipient boiling line intersects the forced convection curve.
Figure 8-7 illustrates the interpolation.

INCIPIENT BOILING,

EQUATION 8 N
//

LOG q/A

Figure 8-7. Transition From Forced Convection to Boiling
Other correlations or techniques have been proposed for forced convection boiling by

other researchers. Schrock and Grossman (Reference 8-18) added two more dimen-
sionless groups to the correlation, the Lockhart-Martinelli parameter

K_\0.1 su_\0.5 0.9
("L L 1
Xep = <r> (r) (-1) (12)

A% A%
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and a "boiling number"

_ 9/A

0 - G—_h ) (13)
fg

and experimentally found the following relationship (for water).
N
NU -2/3

0 775 = 170 B+ 0.0255 x (14)

PR

These results are shown another way in Figure 8-8.
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Figure 8-8. Forced Convection Boiling Heat Transfer Correlation

Equation 14 only correlated Schrock and Grossman's data within +35 percent, and
they did not recommend it for qualities over 50 percent.

Leonhard and McMordie (Reference 8-19) derived an analytical technique for annular
flow heat transfer and pressure drop that1s primariiy suitabie for compuier Prugrain-
ming, and found it checked well with Freon experiments. Both of the latter approaches
are promising but require greater substantiation before use with hydrogen.

The point at which Region D of Figure 8-4 begins, and the rate of transition to dry gas
convection, are not readily predicted. The critical heat flux in pool boiling is a less
complex situation, and several successful correlations have been derived from assump-
tions of Helmholtz and Taylor instabilities in the two-phase boiling mixture. These
correlations are not applicable to forced convection because the additional mechanisms
are not accounted for — the convective velocity, the progressively higher quality
two-phase mixture as vaporization proceeds, the associated increase in convective
velocity and momentum, and the various flow regimes that can occur (annular, mist,
slug, etc). Kutateladze (Reference 8-20) has attempted to modify his pool boiling
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critical heat flux correlation to include forced convection, leading to

1/2
o8 (P - py)|1/4 G(_X)<;0L-;ov>1/4 /

= 0,
@A) o = 0085 p b (15)

2 og

P
L
A"/

P

for saturated boiling. When applied to the flow conditions for the heat exchanger in
this study, Equation 15 predicts burnout at 75- to 80-percent vapor quality. Although
this correlation has not been verified for hydrogen, and its applicability into the
liquid-deficient region is uncertain, this prediction is reasonable. McAdams (Ref-
erence 8-21) on Page 398, for example, shows forced convection boiling heat transfer
coefficients staying fairly constant until 70- to 80-percent vaporization. Anderson,

in the discussion following Reference 8-22, shows similar data with boiling heat trans-
fer coefficients holding constant or rising out to 80- or 90-percent vaporization before
the drop toward dry wall values begins. It therefore seems reasonable to predict
that transition to dry wall will begin at about 80-percent quality in the hydrogen heat
exchanger in this study, but the limited basis for the prediction should be noted.

Two other correlations were investigated and found inapplicable. That by Von Glahn
and Lewis (Reference 8-23) appears promising at first inspection because it includes
quality as one of the parameters in the correlation. Further investigation shows

that it has no predictive ability for this application. The correlation of Tippets,
References 8-24 and 8-25) for water at high pressure yields unreasonably low predic-
tions of critical heat flux for this application, suggesting that the correlation or its
empirical constants are not applicable to low-pressure hydrogen.

8.1.3 Condensing Heat Transfer. Vapor, in the flow through the tank side of the
heat exchanger, will tend to condense when it contacts the exchanger or subcooled
liquid. The condensate, together with any liquid already present in the tank-side
flow and any vapor not condensed, is forced through the exchanger by the pump.

The liquid and condensate will tend to form an "annular'" film in the passages with
the vapor core moving at higher velocity. Most condensing heat transfer data and
correlations, including the limited hydrogen data (Reference 8-26) are not applicable
because they are for cases where gravity removes the condensate film and vapor
velocity is negligible. Theory and data do exist for the case where vapor velocity
rather than gravity predomin